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A B S T R A C T
Regulation of size and growth is a fundamental problem in biology and
often closely related to functionality and fitness. A prominent example
is the mitotic spindle, whose size needs to be perfectly tuned to ensure
proper chromosome segregation during cell division. It is known that
spindle size generally scales with cell volume, most likely as a result of
limiting components. However, this relation breaks down in very large
cells where spindles have a maximum size. How the size and micro-
tubule mass are set and why spindles show an upper size limit in large
cells is still not understood.
Spindles mainly consist of highly dynamic short microtubules that turn
over very quickly in comparison to the lifetime of the entire structure.
Thus, microtubules need to be constantly created throughout the spin-
dle, a process called nucleation. Understanding the role of microtubule
nucleation in setting the size of spindles is limited by the fact that little
is known about the rate, distribution, and regulation of microtubule nu-
cleation in these structures. This is partly due to the lack of methods to
measure microtubule nucleation in spindles.
During this work, I developed an assay based on laser ablation to probe
microtubule nucleation in monopolar spindles assembled in Xenopus lae-
vis egg extract. Using this new method in combination with quantitative
microscopy, I found that microtubule nucleation in these structures is spa-
tially regulated. Furthermore, I observed that nucleation is stimulated by
pre-existing microtubules leading to new microtubule growth in their
physical proximity.
Combining my experimental results on nucleation with theory and fur-
ther biochemical perturbations, I show that this autocatalytic nucleation
mechanism is limited by the availability of active nucleators. In spindles,
the amount of active nucleators decreases with distance from the chro-
mosomes. Thus, this mechanism provides an upper limit to spindle size
even when resources are not limiting.
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Part I
Introduction

1H O W T O B U I L D A S P I N D L E
Most biological structures have a very defined size, which isoften closely related to their functionality and fitness. Thisis not only true for entire organisms, whose body parts have
to have a specific size, but also all organs and tissues within them, down
to the level of single cells and even intracellular structures. By now we
know many different strategies how the size of biological structures can
be determined. One very famous example is the diffusion and degrada-
tion process with a local source and a global sink, which leads to a length
scale of
√
D/k with D being the diffusion coefficient and k the degrada-
tion rate. Among many others, this mechanism has been shown to act in
Drosophila embryos to establish morphogen gradients that control many
different processes, like determining the anterior-posterior axis and wing
development (Ephrussi and Johnston, 2004; Kicheva et al., 2007; Howard
et al., 2011).
Another important feature for functionality in biology is the dynamics of
the entire structure and its underlying building blocks. Cells in epithelia,
for example, are constantly growing and regenerating to maintain their
capabilities as a protective mechanical and chemical barrier (Le Bras and
Le Borgne, 2014). Another example are cells that depend on a highly
dynamic actin network, which forms lamellipodia and filopodia, to move
forward and follow migrational cues like nutrients (Mejillano et al., 2004;
Berzat and Hall, 2010).
One very fascinating intracellular case, where both size and dynamics are
well regulated and can be specifically tuned, is the microtubule cytoskele-
ton in cells. Microtubule structures can form stable transport networks,
rapidly growing interphase asters, or mitotic spindles that always have
a well-defined size. Although all of these structures are essentially made
out of the same components, their dynamics and size regulation seems
to be fundamentally different.
During my work, I focused on the mitotic spindle and its size. In this
chapter, I first introduce the function and architecture of mitotic spindles
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as well as the dynamics and creation of their main building blocks, the
microtubules. The last section describes my main experimental system,
the Xenopus laevis egg extract, and how to reliably assemble spindles in
this cell free system.
1 .1 function and architecture of spindles
The mitotic spindle is a complex protein machinery that segregates the
genetic material during cell division. Depending on the species and the
developmental state, spindles can have a different morphology, shape,
and size (Karsenti and Vernos, 2001; Crowder et al., 2015), but some gen-
eral architectural features are common to all of them (Figure 1.1).
First, they mainly consist of microtubules, which form two antiparallel
arrays that, depending on the species, overlap in the midzone of the spin-
dle. These microtubules are highly dynamic (as discussed in Section 1.2)
and are moved, organized, and bundled by molecular motors and cross-
linkers (Wittmann et al., 2001).
Second, during metaphase, the DNA is condensed to chromosomes and
the sister chromatids are aligned in the center of the spindle. Some of the
microtubules are directly connected to specific sites at the DNA, called
centromeres, where many other proteins bind as well and form a com-
plex called kinetochore (Maddox et al., 2003; Edwards and Murray, 2005).
Microtubules anchored at these locations are named accordingly kineto-
chore microtubules and are usually bundled to so-called k-fibers, which
connect the chromosomes to the spindle pole. These kinetochore micro-
tubules are thought to directly mediate chromosome segregation and
have different dynamics than non-kinetochore microtubules (Cassimeris
et al., 1990; Zhai et al., 1995).
A third common feature of most spindles are microtubule organizing
centers at the poles, called centrosomes, with their astral microtubules
reaching out into the cytoplasm. These astral microtubules can be used
for spindle positioning in smaller cells like C. elegans embryos (Garzon-
Coral et al., 2016; Wu et al., 2016). Although centrosomes are very often
seen as main microtubule organizing centers, not all spindles possess
centrosomes, e.g., most meiotic spindles (Wittmann et al., 2001).
In higher organisms (metazoans), spindles share a fourth common fea-
ture—the spindle size adaptation to the cell size. This is especially appar-
ent during the first cell divisions of vertebrate embryos, where the cell
volume decreases by half with every division. It has been shown that the
smaller the cell the smaller the spindle, which is thought to be due to
limiting components. However, in very big cells, such as those in early
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F igure 1 .1 Architecture of the metaphase spindle and techniques to measure micro-
tubule dynamics. Spindle microtubules (MTs) can be classified into kinetochore (KT)
MTs that bridge KTs and spindle poles and form K-fibers, astral MTs that grow from
centrosomes into the cytoplasm, and non-KT MTs that form dense antiparallel arrays.
Microtubule dynamics can be measured by plus end tracking via EB1, single molecule
lifetime measurements, and laser ablation as described in Section 1.2.2. Figure modified
from Petry (2016).
zebrafish or frog embryos, the spindles have an upper size limit although
there should be in principle no limiting component as the spindle sizes
are much smaller than the cell size (Wühr et al., 2008; Crowder et al.,
2015).
Xenopus laevis egg extract spindles Spindles assembled in cycled cyto-
static factor (CSF)-arrested Xenopus laevis egg extract (see Section 1.4) re-
semble spindles during meisosis II arrest and the first mitotic divisions
of the frog embryo, where spindles have an upper size limit and do not
scale with cell size (Mitchison et al., 2005; Wühr et al., 2008). In this up-
per limit spindles are about 40 µm long and 25 µm in width (Mitchison
et al., 2005; Brown et al., 2007; Takagi and Shimamoto, 2017), and con-
sist of more than a hundred thousand microtubules that have an aver-
age length of 7 µm and an average lifetime of about 16 s (Needleman et
al., 2010; Mirny and Needleman, 2010; Brugués et al., 2012; Decker et
al., 2017) (further details on microtubule dynamics can be found in Sec-
tion 1.2.2). With the help of laser ablation it has been possible to get more
detailed information on the spindle architecture, including plus and mi-
nus end distributions, leading to information on microtubule length and
polarity: In the middle of the spindle, one can find equal proportions of
microtubules pointing in one versus the other direction, while towards
the spindle poles more and more microtubules point with their plus ends
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away from the closer pole. The microtubule length is exponentially dis-
tributed at each location within the spindle, but the average length for
microtubules with the same polarity increases from ∼ 2 µm at the poles
to ∼ 14 µm in the spindle center (Brugués et al., 2012).
Apart from the microtubules, we have by now a close to complete list
of all proteins involved in spindle formation (Sauer et al., 2005; Petry,
2016). However, we still lack information on the detailed function of each
of them. Here, I want to briefly introduce two motor proteins that have
been shown to be essential for driving bipolar spindle assembly in exper-
iments and simulations (Sawin et al., 1992; Mitchison et al., 2005; Tanen-
baum et al., 2008; Heesbeen et al., 2014; Nedelec, 2002; Burbank et al.,
2006; Loughlin et al., 2010). The first one is kinesin-5 (Eg5), a tetrameric
kinesin, that walks towards microtubule plus ends and thereby cross-
links parallel and slides anti-parallel microtubules (Valentine et al., 2006).
With these properties it causes a constant flux of microtubules towards
the poles and is essential for bipolarity (T. M. Kapoor et al., 2000; Mitchi-
son et al., 2005). Using single molecule microscopy (see Section 1.2.2),
the velocity of this flux has been measured to be ∼ 2.5 µm/min and
∼ 20 % slower near spindle poles (Sawin et al., 1992; Maddox et al., 2003;
Miyamoto et al., 2004; Cameron et al., 2011; Brugués et al., 2012). The
second motor that I would like to mention here is cytoplasmic dynein,
which is a minus end directed motor. Together with NuMA (nuclear mi-
totic apparatus) and dynactin is has been shown to move towards the
minus ends at spindle poles and to be responsible for pole formation
(Merdes et al., 1996). While we understand the molecular functions of
these motors and many others, we still do not fully understand their in-
terplay for a successful spindle formation, especially in combination with
the high dynamics of microtubules. Details about microtubule dynamics
and their creation are reviewed in the following sections (Section 1.2 and
Section 1.3).
1 .2 microtubules and their dynamics
Microtubules are biopolymers that can be found in all eukaryotic cells.
As versatile building blocks they are involved in many cellular functions,
such as motility, intracellular transport, or cell division. On a structural
level, microtubules consist of regularly stacked α-β-tubulin heterodimers.
Using GTP, these heterodimers assemble in a head-to-tail fashion to so-
called protofilaments, which then in turn laterally assemble to form the
hollow tube of a microtubule. In vivo microtubules usually contain 13
protofilaments, while in vitro the number varies from 8 to 17 (Unger et
al., 1990). The regular head-to-tail assembly of heterodimers results in
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an overall polar structure with two different ends: one end with only α
subunits and the other one with only β subunits exposed, also called mi-
nus and plus end, respectively (Horio and Murata, 2014). Furthermore,
this inherent polarity also provides the basis for directed transport along
microtubules, e.g., driven by motor proteins like Eg5 or dynein (see Sec-
tion 1.1).
Microtubules are not only a passive street system for transport, they are
also dynamic themselves. Depending on their function within the cell,
their dynamics can greatly vary. For example, they can be very stable
for more than 2 h (e.g., in neuronal axons (Conde and Cáceres, 2009)) or
rather unstable and only live for ∼ 16 s (e.g., in mitotic spindles (Needle-
man et al., 2010)).
1 .2 .1 microtubule dynamics in vitro
Most knowledge about microtubule dynamics is based on in vitro exper-
iments. It has been shown that the plus end is very dynamic and grows
and shrinks very rapidly (Allen and Borisy, 1974; Desai and Mitchison,
1997). The process of switching between these two states is called catas-
trophe and rescue, respectively, and the overall process has been named
dynamic instability (Mitchison and M. Kirschner, 1984). Thus, a few pa-
rameters can be used to fully describe microtubule dynamics. The classi-
cal ones are polymerization velocity, depolymerization velocity, catastro-
phe frequency and rescue frequency (Valiron et al., 2001).
In 1988 Walker et al. were the first ones to measure all four dynamic
parameters in vitro and found a polymerization velocity of 1 µm/min to
3 µm/min, a depolymerization velocity of ∼ 27 µm/min, a catastrophe
frequency of 0.25 /min to 0.5 /min, and a rescue frequency of maximum
3 /min (Walker et al., 1988). Probably the two most surprising findings
were, however, that all parameters were dependent on the concentration
of free tubulin (except for the depolymerization velocity), and that in
their in vitro assay also the minus ends showed dynamic instability, albeit
with at least two times slower polymerization velocity and fewer catastro-
phes (Walker et al., 1988; Hendershott and Vale, 2014) (see Table 1.1).
From a theoretical point of view, Dogterom and Leibler (1993) described
dynamic instability by a two-state-model, where a microtubule switches
randomly between the growing and the shrinking state. The parameters
used in the model are the four mentioned classical ones: growth and
shrinkage velocity (vp and vd) and catastrophe and rescue frequency ( fc
and fr). Depending on the values of these parameters, the model pre-
dicts a regime with unlimited (unbounded) growth of filaments and a
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Table 1 .1 Microtubule dynamics. All in vitro values taken from Walker et al. (1988)
and Hendershott and Vale (2014). Values measured in extract assume no minus end
dynamics and are taken from Bicout (1997), Tirnauer et al. (2004), Needleman et al. (2010),
Brugués et al. (2012), Reber et al. (2013), Ishihara, Nguyen, Groen, et al. (2014), and Decker
et al. (2017). MT: microtubule
Parameter
In vitro Metaphase extract
Plus end Minus end Plus end/MT
vp (µm/ min) 1-3 0-1.5 10-20
vd (µm/ min) 27 34 28-36
fc (/ min) 0.1-0.5 0-0.2 not measurable
fr (/ min) 3-5 3-12 not measurable
τ (s) 16
⟨ℓ⟩ (µm) 7
sharp transition at vd fc = vp fr to bounded growth, where the micro-
tubule length distribution reaches a steady state. In the steady state the
microtubule lengths are exponentially distributed with the mean length
⟨ℓ⟩ = vpvdvd fc−vp fr . In the limit where the switching between growth and
shrinkage appears very frequently (high fc and fr), dynamic instability
can be seen as a diffusion process with a drift term (Bicout, 1997; Needle-
man et al., 2010). This refers to the fact that in this limit the dynamic
microtubule end performs a 1D random walk, which can be character-
ized by two parameters: the velocity V of the drift, which determines
whether the filament tends to grow (V > 0, equivalent to the described
unbounded regime above) or shrink (V < 0, equivalent to the bounded
growth), and the diffusion coefficient D, which quantifies the magnitude
of fluctuations. In the case of V < 0, depolymerization is balanced by
the creation of new microtubules, leading to an exponential steady state
filament length distribution with a mean length ⟨ℓ⟩ = DV . The diffusion
coefficient and drift velocity can be expressed as a function of the classi-
cal dynamic parameters: V = frvp− fcvdfr+ fc and D =
vpvd
fr+ fc (Bicout, 1997; Mirny
and Needleman, 2010).
1 .2 .2 microtubule dynamics in meiotic xenopus laevis egg
extract
It has been rather difficult to measure the four classical dynamic parame-
ters in vivo. This is because microtubules in living organisms are usually
densely packed, which makes it hard to follow individual microtubules
in the crowded environment of the cell. To circumvent this problem, poly-
merization velocities are generally measured by tracking fluorescently la-
beled EB1 (end-binding protein 1), which targets to growing plus ends
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(Tirnauer and Bierer, 2000) (Figure 1.1). The thereby measured micro-
tubule growth speeds are usually a lot faster than in vitro as there are
many proteins in the cytoplasm that facilitate microtubule polymeriza-
tion like the polymerase XMAP215 (Xenopus microtubule assembly pro-
tein 215) (Kinoshita et al., 2002).
Values for microtubule dynamics heavily depend on the species, the cell
type, the cell cycle, and many other parameters of the experimental setup
(Belmont et al., 1990; Shelden and Wadsworth, 1993; Desai and Mitchi-
son, 1997). Therefore, I will only discuss values measured in CSF-arrested
Xenopus laevis egg extract as a system where microtubule dynamics have
been studied for many years. It is strictly speaking not in vivo, but the ex-
tract still contains all cytoplasmic components (see Section 1.4) and the
challenges in terms of imaging single microtubules in the dense spindle
array in the cytoplasmic environment are similar to in vivo conditions.
Furthermore, microtubules in extract also show faster dynamics than ob-
served in vitro, and are comparable to in vivo dynamics (see Table 1.1).
The polymerization velocity of microtubules in extract spindles is about
10 µm/min to 20 µm/min (Tirnauer et al., 2004; Brugués et al., 2012; Re-
ber et al., 2013; Ishihara, Nguyen, Groen, et al., 2014; Decker et al., 2017),
which is ∼ 10x faster than what has been measured in vitro. Unfortu-
nately, this technique cannot be used for determining depolymerization
velocities because currently there are no proteins known that track shrink-
ing microtubule ends. One possibility, however, is to induce a synchronous
depolymerization wave of many fully labeled microtubules by cutting
microtubules with a glass needle or a laser (Tirnauer et al., 2004; Brugués
et al., 2012; Decker et al., 2017). A cut in a microtubule creates a new
plus and a new minus end and while the newly created minus end re-
mains stable, the new plus end will depolymerize all the way to the orig-
inal minus end of the cut microtubule (Brugués et al., 2012; Decker and
Brugués, 2015; Decker et al., 2017). This induced synchronous depolymer-
ization wave propagates at a velocity of 28 µm/min to 36 µm/min, which
corresponds to the depolymerization velocity of the cut microtubules (Tir-
nauer et al., 2004; Brugués et al., 2012; Decker et al., 2017). Further details
about the laser cutting method can be found in Section 3.2.
The two remaining parameters that describe the dynamic instability are
catastrophe and rescue frequencies. These are not directly measurable
in dense microtubule structures with current techniques. If it was possi-
ble to accurately measure the time that an EB1 comet is visible, then this
could serve as a measurement for the catastrophe frequency, such that the
rescue frequency could be calculated using the other known dynamic pa-
rameters. Instead, single molecule microscopy with fluorescence speckles
has been used to quantify the average microtubule lifetime, which is re-
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lated to microtubule stability and thereby also to a combination of catas-
trophe and rescue frequency (Figure 1.1). To perform single molecule mi-
croscopy, a tiny amount of fluorescently labeled tubulin is added to the
sample such that by chance a labeled dimer gets incorporated into a grow-
ing microtubule and appears as a fluorescent dot. Free tubulin diffuses
too fast and cannot be imaged with regular fluorescence microscopy. In-
stead, free tubulin contributes to the background signal. When the micro-
tubule depolymerizes again, the labeled tubulin dimer is released from
the lattice and the fluorescent dot disappears into the background signal
(Cameron et al., 2011). The average lifetime of fluorescent speckles can
be used to calculate the average lifetime of microtubules based on the
first passage time of a diffusion and drift process, which is the simplest
model that can account for microtubule growth (Needleman et al., 2010;
Mirny and Needleman, 2010). With this method the average lifetime of
microtubules in Xenopus laevis egg extract spindles has been measured
to be τ ∼ 16 s (Needleman et al., 2010). Together with the known poly-
merization and depolymerization velocity this lifetime can be used to
infer the average microtubule length ⟨ℓ⟩ = 2τ
(v−1p +v−1d )
∼ 7 µm (Mirny and
Needleman, 2010), which agrees with values independently measured by
laser ablation (Brugués et al., 2012; Decker et al., 2017). Taken together,
the plus ends in mitotic Xenopus laevis egg extract spindles are highly
dynamic. Furthermore, the dynamics have been shown to be spatially
invariant in mitotic Xenopus laevis spindles (Needleman et al., 2010).
In vitro also the minus ends of microtubules show dynamic instability,
but measuring their behavior in vivo, especially in mitotic spindles, is
still very challenging due to the lack of marker proteins (like EB1 for
the growing plus end). Proteins that have been shown to bind to the
minus ends are the γ tubulin ring complex (γ-TURC) and calmodulin-
regulated spectrin-associated proteins CAMSAP1-3 (Kollman et al., 2011;
Hendershott and Vale, 2014; Akhmanova and Hoogenraad, 2015). The
problem with these proteins is that CAMSAPs are mostly not active dur-
ing metaphase and for γ-TURC we do not know how many microtubules
are capped by it (Akhmanova and Hoogenraad, 2015). So both cannot be
used as reliable minus end markers.
Minus ends in vivo have been observed as either stable or depolymer-
izing (Keating et al., 1997; Rodionov et al., 1999; Dammermann et al.,
2003). However, the suggested depolymerization of microtubule minus
ends at the spindle poles by MCAK (mitotic centromere-associated ki-
nesin) (Rogers et al., 2005; Kwok and T. M. Kapoor, 2007) should lead
to shorter microtubule lifetimes at the poles as compared to the spin-
dle center, which has been shown to not be the case (Needleman et al.,
2010). Based on these findings, minus ends in frog metaphase spindles
are most likely stable and neither polymerizing nor depolymerizing. This
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1 ∼ 20 µM in Xenopus laevis
oocyte extract (Gard and
M. W. Kirschner, 1987)
is also in agreement with the idea that most minus ends in these spindles
are capped by γ-TURC (Kotani and Yamashita, 2005) and therefore pro-
tected against end-binding (de-)polymerases or catastrophe factors (Koll-
man et al., 2011). Even if microtubules were dynamic, according to what
we know from in vitro experiments, the dynamics would most likely be
significantly slower than the dynamics at the plus end, and thus not have
a big impact on microtubule length and lifetime. Taken together, there
are still many open questions regarding minus end dynamics in vivo, but
so far all findings support the idea that minus ends are stable and not
dynamic, at least in the meiotic frog spindle.
1 .3 microtubule nucleation mechanisms
In vitro, microtubules assemble when there is a sufficient concentration of
free tubulin and GTP, but this is a very slow process (see Section 1.2). The
concentration of free tubulin in vivo is higher1 than what is needed for
spontaneous nucleation, but forming the initial nuclei, which can be elon-
gated to a microtubule, is still not an energetically favorable process (Ohi
and Zanic, 2016). Therefore, additional mechanisms are needed to help
the fast and coordinated creation of new microtubules (= microtubule
nucleation). This is necessary to ensure continuous regulated and rapid
assembly of microtubules in cells. Regulated microtubule nucleation is
especially important during mitosis where microtubules only live for a
very short time in comparison to the entire spindle (seconds vs. minutes
up to hours). In this section, I introduce the main nucleation mechanisms
and, if known, the key molecules that are involved (Figure 1.2).
1 .3 .1 centrosome-mediated nucleation
The first discovered mechanism of microtubule nucleation was the nucle-
ation mediated by centrosomes, including the fact that these centrosomes
undergo a ripening process that makes them more active during meta-
phase (Snyder and McIntosh, 1975). Today, we know a few more details
about these processes of maturation and nucleation. Maturation starts
from G2 to mitosis (mainly in prometaphase) and essentially means an
increase in centrosomal activity, especially microtubule nucleation activ-
ity. This process mainly depends on the Polo-like kinase-1 (Plk1) and
Aurora A kinase (T. Kapoor, 2017). While not all targets of these kinases
are known, the main downstream result of their phosphorylation activ-
ities is the recruitment of more γ-TuRC along with other components
of the pericentriolar material (PCM) to the centrosomes (Lee and Rhee,
2011; Sdelci et al., 2012; Petry, 2016). These recruited γ-TuRCs provide a
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F igure 1 .2 Microtubule nucleation mechanisms in spindles. Centrosome-mediated nucleation: Phosphorylation
of downstream targets by Aurora A kinase and Plk1 leads to recruitment of γ-TURC and PCM components, which
stimulate nucleation. Chromatin-mediated nucleation: RanGTP is produced by RCC1 at the chromosomes leading
to a RanGTP gradient around the DNA. RanGTP binds to the importin αβ complex, which releases the nucleation
promoting factor TPX2 and other SAFs. The CPC complex is established at the kinetochores and inhibits Op18
and MCAK, thereby stimulating microtubule nucleation. Kinetochore(KT)-driven nucleation: This mechanism is
also controlled by the RanGTP and CPC pathways and leads to formation of microtubules at the kinetochores.
Microtubule(MT)-dependent MT nucleation: Pre-existing MTs recruit augmin in a TPX2-dependent manner. This in
turn leads to recruitment of γ-TURC and subsequent microtubule nucleation. Figure modified from Petry (2016).
template for and stimulate the growth of new microtubules (Kollman et
al., 2011; Sulimenko et al., 2017). Interestingly, many cells do not require
centrosome-driven microtubule nucleation to assemble fully functional
spindles. Plant cells and oocytes from several species divide successfully
without having centrosomes (Wadsworth and Khodjakov, 2004), but even
spindles with artificially removed centrosomes have been shown to as-
sembly functional bipolar spindles (Khodjakov et al., 2000; Hinchcliffe et
al., 2001). Additionally, spindles in Xenopus laevis egg extract can be as-
sembled without centrosomes around chromatin or RCC1 (regulator of
chromosome condensation 1) coated beads, also leading to morphologi-
cally normal spindles (Heald et al., 1996; Halpin et al., 2011).
1 .3 .2 kinetochore-driven nucleation
Some studies showed that kinetochores are also capable of nucleating
microtubules. In Drosophila S2 cells, Maiato et al. (2004) observed the
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growth of microtubules from the kinetochores via tubulin subunit addi-
tion at the plus ends that are facing the kinetochores and "pushing" the
minus end away from the DNA. These microtubules subsequently got
captured by astral microtubules nucleated at the centrosomes, thereby
establishing a link between the spindle poles and the chromosomes (Ma-
iato et al., 2004). In most spindles, kinetochore microtubules are, how-
ever, very hard to observe and hard to distinguish from all the other
densely packed microtubules originating from the area around the chro-
mosomes. Therefore, kinetochore-driven nucleation remained largely elu-
sive so far. Furthermore, spindle assembly around chromatin and RCC1
coated beads in extract showed that kinetochore-driven nucleation might
not be essential for spindle formation and maintenance (Heald et al., 1996;
Halpin et al., 2011). Although the exact role of kinetochore-driven nucle-
ation is still unknown, in recent years some of the involved molecular
players have been discovered. Several studies showed that this type of
nucleation is upstream controlled by the Ran (ras-related nuclear pro-
tein) and CPC (chromosomal passenger complex) pathway (Petry, 2016),
which are also responsible for chromatin-mediated nucleation and will
be explained in more detail in Section 1.3.3.
1 .3 .3 chromatin-mediated nucleation
The Ran pathway The already mentioned experiments of spindle assem-
bly around chromatin and RCC1 coated beads (without kinetochores and
centrosomes) in frog egg extract also readily show that chromatin itself
can promote microtubule nucleation and that RCC1 is the responsible fac-
tor at the chromatin (Heald et al., 1996; Halpin et al., 2011). RCC1 is the
guanine nucleotide exchange factor for the small GTPase Ran (ras-related
nuclear protein). It is bound to chromatin, while its GTPase-activating
protein RanGAP is uniformly distributed in the cytoplasm (Carazo-Salas
et al., 1999; Dasso, 2002). This constant creation of RanGTP at the chromo-
somes and global inactivation in the cytoplasm leads to a RanGTP gra-
dient around the DNA in metaphase. This gradient has been observed
with the help of FRET (Förster resonance energy transfer) sensors and
spans almost the entire spindle length in frog egg extract (Caudron et al.,
2005; Kalab et al., 2006). However, the length of this gradient does not
correlate with spindle length (Oh et al., 2016). There are still many open
questions about the link of this gradient to microtubule nucleation, but
some molecular details have been already discovered. One essential func-
tion of RanGTP is the release of spindle assembly factors (SAFs) from
importin α and β (Nachury et al., 2001). The best-characterized of the al-
ready discovered SAFs is TPX2 (targeting protein for Xklp2), which has
many different functions and perhaps more to be discovered. One func-
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tion that gave it its name is to target the kinesin Xklp2 (Xenopus plus end-
directed kinesin-like protein 2) to spindles (Wittmann et al., 1998). Xklp2
in turn seems to be required for the maintenance of spindle bipolarity
(Boleti et al., 1996). Released TPX2 also interacts with and subsequently
gets phosphorylated by Aurora A kinase (Eyers and Maller, 2004). This
is followed by an entire cascade of downstream phosphorylations, for ex-
ample of Eg5 (Wilde et al., 2001), but its exact contribution to microtubule
nucleation is still poorly understood. Furthermore, TPX2 has been shown
to form a complex with γ-tubulin and interact with other SAFs (Scro-
fani et al., 2015), which gives it a very central role in spindle assembly
and microtubule nucleation. In summary, the RanGTP gradient causes
a complex microtubule nucleation gradient, where different SAFs jointly
or separately act to ensure spindle assembly and maintenance.
The CPC pathway Another chromatin-mediated nucleation pathway that
seems to act independently of the Ran gradient uses the chromosomal
passenger complex (CPC). The CPC consists of the Aurora B kinase and
three other proteins, namely the inner centromere protein (INCENP),
survivin, and borealin, which are required for targeting and regulation
of the entire complex (Ruchaud et al., 2007). While the Ran gradient
is generated everywhere at the chromatin, it is hypothesized that the
CPC-dependent signal mainly originates from centromeric regions due
to its kinetochore-specific targeting proteins (Maresca et al., 2009). On
a molecular level, Aurora B phosphorylates and inhibits various micro-
tubule destabilizers, such as the depolymerase MCAK or the oncoprotein
(Op) 18 (Gadea and Ruderman, 2006). This leads to an environment that
favors microtubule nucleation and polymerization, but it remains elusive
whether this negative regulation of microtubule destabilizers is the only
mechanism utilized by CPC (Petry, 2016).
1 .3 .4 nucleation based on pre-existing microtubules
Microtubules themselves can also promote nucleation of new microtu-
bules. Recent studies showed that microtubules on the one hand can
concentrate SAFs (Oh et al., 2016) and on the other hand even recruit
SAFs to their lattice that lead to a ’branching’ reaction, where new micro-
tubules grow directly on the lattice of these pre-existing ones (Chan et
al., 2009; Petry et al., 2013). Since both ways of nucleation require free
SAFs, they are ultimately Ran gradient dependent as well. The former
functions by creating an environment that favors the nucleation of new
microtubules in the vicinity of the existing ones. The current view of the
latter involves the TPX2-dependent recruitment of augmin to the micro-
tubule lattice, which then in turn recruits the γ-TuRC. Furthermore, TPX2
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has been shown to be responsible for the activation of the γ-TuRC result-
ing in the formation of a new microtubule (Alfaro-Aco et al., 2017). How-
ever, we still lack information on the exact molecular interactions and the
branching-point constituents (Petry, 2016). The branching reaction im-
plies some advantageous features for spindle assembly and maintenance:
It has been shown that branching in artificial Xenopus laevis egg extract
microtubule structures occurs in shallow angles, thus preserving the over-
all polarity of the microtubules (Petry et al., 2013). This makes branching
a process that can very rapidly create many microtubules with conserved
polarity as required for the parallel arrays in dense spindles. Since each
microtubule can serve as a template for many branches (Petry et al., 2013;
Alfaro-Aco et al., 2017), this amplification provides also an ideal way of
continuously creating new microtubules in spindles, where microtubules
turn over very quickly. So far it still remained elusive whether branching
occurs in spindles and how it is regulated, but these points will be ad-
dressed in this work.
1 .4 xenopus laevis egg extract
Most experiments discussed in this work were done in Xenopus laevis egg
extract. In this section, I describe this versatile cell free system, its advan-
tages and limitations, as well as how to assemble spindles in extract.
1 .4 .1 frog egg extract as a versatile experimental system
The protocol for preparing Xenopus laevis egg extract has been developed
in the mid 1980s by Blow and Laskey (1986) and Hutchison et al. (1987)
based on a similar protocol for the cell-free preparation of cytoplasm
from activated eggs of the leopard frog Rana pipiens by M. Lohka and
Masui (1983). The key steps include getting unfertilized frog eggs that
are first dejellied (= removal of the jelly coat around the eggs) and sub-
sequently packed and crushed by centrifugation steps. This results in
almost undiluted egg extract that still contains all components of the
cytoplasm except for the DNA, which is pelleted during the last cen-
trifugation step. In case DNA is needed in the desired assay, it can be
added back by supplementing purified and demembranated Xenopus lae-
vis sperm as first described by M. Lohka and Masui (1983), thus provid-
ing a complete in vitro system containing all cytoplasmic components of
frog eggs. This extract prepared from unfertilized eggs is, as the eggs
themselves, arrested in the metaphase of meiosis II, in which the eggs
are waiting for fertilization. This state is also called CSF arrest where
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CSF does not refer to a single molecule or protein, but rather to an activ-
ity found in the egg and the extract (Tunquist and Maller, 2003).
Remarkably, cell extract can be driven out of the CSF-arrest by adding
Ca2+ and is capable of completing one or more cell cycles in vitro. This
includes decondensation of the chromosomes, formation of the nuclear
envelope, complete replication of DNA in a semi-conservative manner
(as in humans), re-condensation of the chromosomes, break-down of the
nuclear envelope, mitotic spindle formation, and separation of the sis-
ter chromatids (M. J. Lohka and Maller, 1985). Starting with these early
discoveries, frog egg extracts have been frequently used to study cell cy-
cle properties, specific stages or structures during the cell cycle like the
nucleus or the mitotic spindle. Furthermore, extract can be used for in
vitro protein translation (including subsequent post-translational modi-
fication), where an mRNA of choice along with some other factors like
ribosomes are injected into extract (Matthews and Colman, 1991).
Taken together, Xenopus laevis egg extract provides a powerful cell-free
system that combines near to full in vivo functionality with advantages
of in vitro assays. Apart from its versatility, these advantages include free
sample access for easy mechanical or biochemical perturbations (e.g., ad-
dition and depletion of components like proteins or drugs) and facilitated
imaging.
As with every experimental system, there are also some drawbacks and
limitations. First, Xenopus laevis is allotetraploid. This makes genetic mod-
ifications or introduction of endogenous fluorescently labeled proteins
very difficult (Elurbe et al., 2017), but it can be circumvented in some
cases by depleting the protein of interest and adding back the purified
and fluorescently labeled version. Second, extract can be quite variable
from day to day, such that data analysis and interpretation has to be done
in a very rigorous and careful way. In addition, the functionality of the
extract can decay very rapidly, while on other days it can be used for up
to 12 h. Third, some structures, e.g., spindles, can only be assembled in
freshly prepared extract. However, a very recent study presented a proto-
col for freezing extract such that it retains its spindle forming capabilities
(Takagi and Shimamoto, 2017).
1 .4 .2 spindle reconstitution in frog egg extract
One of the astonishing features of extract is that it can self-assemble all
important intracellular cell cycle related structures. In this part, I briefly
describe the different ways of how a spindle can be reconstituted (Fig-
ure 1.3). In general, one can distinguish three differently assembled spin-
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F igure 1 .3 Spindle reconstitution in Xenopus laevis egg extract. Addition of frog
sperm to CSF-arrested extract forms half-spindles with only one centrosome. Later, they
assemble CSF spindles by fusion or further microtubule nucleation. If the extract is
supplemented with chromatin-coated beads, a spindle without centrosomes and kine-
tochores is assembled around them, called bead spindle. Adding Ca2+ and frog sperm
simultaneously drives the extract into interphase and leads to the formation of interphase
nuclei. Centrosomes and DNA are getting duplicated. Addition of at least one volume of
CSF-arrested extract dilutes the Ca2+ concentration and drives the extract back to meta-
phase. This includes DNA condensation, nuclear envelope break-down, and subsequent
spindle formation. These cycled spindles can be driven into anaphase by increasing the
Ca2+ concentration again.
dles, which are called CSF spindles, cycled spindles, and bead spindles
(Hannak and Heald, 2006).
The easiest and fastest way to assemble a spindle is achieved by adding
demembranated frog sperm to CSF-arrested egg extract. After addition
to the extract, the sperm chromatin is unpacked, then the chromosomes
condense and the centrosome from the basal body of the sperm starts
to nucleate microtubules. This process forms a monopolar microtubule
array that looks like half a spindle and only contains the haploid set of
chromosomes, which equals the amount of DNA in a meiotic spindle.
Over time these half spindles can form bipolar CSF spindles by either
nucleating more microtubules around the DNA or by fusing with other
half spindles (Sawin et al., 1992). This approach is usually used for quick
extract quality checks, to investigate meiosis specific processes or some-
times also processes that are the same in meiosis and mitosis.
Another way of assembling spindles involves cycling the extract, which
is closer to the in vivo situation. Simultaneously adding Ca2+ and de-
membranated sperm drives the extract to interphase. This causes the for-
mation of functional interphase nuclei allowing for DNA replication and
duplication of the centrosomes. Subsequent addition of at least an equal
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volume of fresh CSF extract shifts the CSF to Ca2+ ratio again back to
metaphase conditions and induces chromosome condensation, followed
by nuclear envelope break-down and spindle formation. Due to the CSF,
these cycled spindles stay arrested in metaphase, but can be driven to
anaphase by addition of more Ca2+ (Murray et al., 1996; Hannak and
Heald, 2006). This type of spindle formation was used during this work,
as it is probably the closest to physiological conditions involving all pro-
cesses that take place in vivo. Furthermore, it has been shown that the
size and morphology of these spindles matches quite well with spindle
properties observed in meiosis II-arrested unfertilized frog eggs (Mitchi-
son et al., 2005).
A third possibility for spindle assembly involves DNA coated beads.
When beads coated with linearized plasmids are added to extract, the
DNA gets chromatinized. During metaphase this chromatin then drives
microtubule nucleation around the beads. These microtubules are then
subsequently organized into bipolar spindles by the action of motor pro-
teins (Heald et al., 1996). Bead spindles were initially used to show that
centrosomes are not necessary to form bipolar spindles. Interestingly,
these bead spindles have similar sizes and microtubule densities as cy-
cled spindles although they lack centrosomes and the DNA around the
beads does not contain centromere sequences, which would be necessary
for the assembly of kinetochores and kinetochore-driven microtubule nu-
cleation.
I summary, Xenopus laevis egg extract is an easy accessible in vitro system
that can form spindles under close to physiological conditions. Many
years of research resulted in very detailed knowledge of the system, e.g.,
involved proteins, possible inhibitors, available antibodies for perturba-
tions etc. Additionally, the rather big spindle size further strengthens its
use as an experimental system and provides a good starting point for
further investigations of spindle assembly and size.
2T H I S W O R K – A I M A N D S C O P E
Spindles are complex self-organized protein structures that needto have a precisely determined size to function properly duringcell division. How the size and microtubule mass are set and
why spindles have an upper size limit in very big cells is still not un-
derstood.
To investigate spindle size, we first have to understand how spindles are
built. Spindles are mainly composed of microtubules that have a much
shorter lifetime (seconds) than the entire spindle (minutes to hours).
Therefore, the formation and maintenance of a spindle requires constant
creation of new microtubules, also called microtubule nucleation. Al-
though microtubules are constantly being transported towards the poles,
each microtubule only moves about 1 µm during its lifetime. Addition-
ally, microtubules are typically much shorter than the spindle length.
This means that microtubules have to be nucleated throughout the entire
spindle. Understanding the role of microtubule nucleation in setting the
size of spindles is limited by the fact that little is known about the rate,
distribution, and regulation of microtubule nucleation in these structures.
This is partly due to the lack of methods to measure microtubule nucle-
ation in spindles. Several mechanisms for microtubule nucleation have
been suggested, but most of them have been observed and described in
isolated in vitro experiments and it is not clear how they contribute to the
formation and maintenance of the spindle.
To answer these questions and ultimately understand the size and micro-
tubule mass of spindles, I first developed a method to probe microtubule
nucleation in spindles assembled in Xenopus laevis egg extract and mea-
sured the first nucleation profile of a dense microtubule structure. Then,
I experimentally tested the nature of the underlying nucleation processes
and how the size of these microtubule structures is defined. Finally, based
on the experimental results, I developed a mathematical model that de-
scribes microtubule nucleation, is capable of reproducing the experimen-
tal results, and confirms the observed size regulation of spindles.

Part II
Results

3A N A LY S I S O F T H E N U C L E AT I O N P R O F I L E I N
M O N O P O L E S R E V E A L S
M I C R O T U B U L E - S T I M U L AT E D M I C R O T U B U L E
N U C L E AT I O N A S A K E Y N U C L E AT I O N
M E C H A N I S M
Spindles in Xenopus laevis egg extract consist of hundreds of thou-sands of microtubules, which have a very short lifetime comparedto the entire structure. Additionally, microtubules are constantly
transported towards the poles by the action of molecular motors. Due to
the limited lifetime, each microtubule, however, only moves about 1 µm
until it depolymerizes again. Furthermore, microtubules have an aver-
age length of 7 µm, while Xenopus laevis egg extract spindles are typi-
cally ∼ 40 µm long. Thus, microtubules need to be constantly nucleated
throughout the entire spindle.
In this chapter, I will introduce an experimental assay and a new method
for measuring microtubule nucleation in dense microtubule structures,
which has not been possible so far. Using these methods, I show the
first measured nucleation profile and discuss experimental results that
explain how microtubules are nucleated in these dense structures. Parts
of this chapter have been published in Decker et al. (2017). The obstacle
assay (described in Section 3.6) has been performed together with Ben-
jamin Dalton.
3 .1 monopolar spindles are a good system to study
microtubule nucleation
In mitotic spindles, microtubules grow from the plus ends while minus
ends remain stable (see Section 1.2.2). Thus, the location of minus ends
functions as a marker for microtubule nucleation. However, in spindles
microtubules constantly flux towards the poles (Mitchison, 1989), and
measuring the location of a microtubule minus end at a particular time
does not correspond to its original site of nucleation (Brugués et al., 2012).
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Figure 3 .1 Monopolar spindles have a similar size as regular spindles. Left: monopo-
lar spindle assembled with 200 µM STLC and labeled with 150 nM Atto565-tubulin. Right:
regular spindle.
To decouple microtubule transport from microtubule nucleation, we in-
hibited kinesin-5 (Eg5) in spindles assembled in Xenopus laevis egg ex-
tracts. This inhibition stops microtubule transport and leads to the for-
mation of radially symmetric monopolar spindles (monopoles) that have
a similar size as regular spindles (Miyamoto et al., 2004; Skoufias et al.,
2006) (Figure 3.1). The location of minus ends in these monopoles corre-
sponds exactly to the location of microtubule nucleation.
Three independent measurements show that inhibiting microtubule trans-
port does not affect dynamic parameters of microtubules. First, we mea-
sured the polymerization velocity. To visualize microtubule growth, we
added fluorescently labeled EB1-GFP to the monopole reaction. EB1 is
a microtubule associated protein that binds to and tracks growing plus
ends. We found that microtubules in monopoles polymerize at
(20.9± 5.1)µm/ min (N = 7 monopoles, Figure 3.2), which is indistin-
guishable from the polymerization velocity in spindles,
(22.7± 8.4)µm/ min (N = 4 spindles). Second, we analyzed the speed of
microtubule depolymerization induced by laser cutting (Section 1.2.2 and
Section 3.2). Microtubules from monopolar and control spindles depoly-
merize at the same velocity ((33.5± 6.4)µm/ min and
(35.9± 7.3)µm/ min respectively, see Figure 3.3). Third, we performed
fluorescent speckle microscopy to measure the microtubule lifetime dis-
tributions. As described already in Section 1.2, fluorescent speckle mi-
croscopy is based on adding a tiny amount of labeled tubulin (∼ 1 nM) to
monopole reactions. A growing microtubule will by chance incorporate a
fluorescently labeled tubulin dimer, which appears as a speckle. As this
microtuble depolymerizes, this speckle will disappear again. Thus, the
lifetime distribution of speckles can be used to calculate the average life-
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F igure 3 .2 Single molecule imaging and EB1 tracking in monopoles to measure life-
time and polymerization velocity. Middle: Monopole labeled with ∼ 1 nM Atto565 frog
tubulin and ∼ 0.2 µg/ml EB1-GFP. Left: A maximum intensity projection over 196 s of a
speckle movie shows that speckles essentially do not move. Right: Kymograph of EB1-
GFP comets. The kymograph was drawn along the growth direction of the microtubules.
The slope of each comet equals the polymerization velocity.
time of microtubules in our structures by fitting the lifetime distribution
of a diffusion and drift process to our data. Microtubule lifetime distri-
butions of monopolar spindles give an average lifetime of (19.8± 2.2) s,
consistent with similar measurements in regular spindles (see Section 1.2
and Needleman et al. (2010)) (Section 7.4). Furthermore, speckles in mono-
poles essentially do not move, which proves that Eg5-inhibition indeed
stops microtubule transport (see Figure 3.2). Taken together, monopoles
are a valid and ideal system to study microtubule nucleation.
3 .2 a new method based on laser ablation to
measure microtubule nucleation
Monopoles provide a system were microtubules do not move and thus
their minus ends equal their nucleation sites. Unfortunately, there is still
no fluorescent marker for microtubule minus ends that labels all of them
in a dense microtubule structure. Here, we developed a new method
using laser ablation to measure microtubule minus end locations (= nu-
cleation sites). This method is based on the already existing laser ablation
method for resolving spindle architectures (Brugués et al., 2012; Decker
and Brugués, 2015), but includes an improved and more direct way of
measuring microtubule minus ends using only one single laser cut per
data point.
A cut in a microtubule creates a new stable minus end and a new plus
end, which immediately depolymerizes to the original minus end of the
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Figure 3 .3 The depolymerization velocity of microtubules in monopolar spindles is
indistinguishable from the one in spindles. We plotted the position of the depolymeriza-
tion wave after a cut, which was determined by the maximum of the fitted Gaussians,
over time (Section 3.2 and Figure 3.5). Each line corresponds to one wave (i.e. one cut).
Data for monopoles and spindles are shown in blue and orange, respectively. The slope
of each dataset corresponds to the depolymerization velocity of the cut microtubules
(mean depolymerization velocity ± SD, Nmonopole = 58, Nspindle = 22).
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Figure 3 .4 Depolymerization wave induced by a laser cut. Circular laser cut in mono-
pole labeled with 150 nM Atto565-tubulin and corresponding differential intensity de-
polymerization front at different times.
cut microtubule. Due to the radial symmetry of monopoles, we typically
used circular cuts with different radii from the center of the monopoles.
These cuts induced a depolymerization wave that exclusively traveled
towards the center (see Figure 3.4), indicating that all minus ends in these
structures are pointing inward.
In the following subsections I describe the theoretical basis as well as
the practical implementation of the new method, mainly referring to
monopolar structures. However, the method can also easily be adapted
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F igure 3 .5 Analysis of the depolymerization wave. (A) Coordinate system for plotting differential intensities.
Differential intensities I(x, ϕ), where x is the distance from the center of the monopole and ϕ is the angular coordinate,
were integrated over ϕ(0 < ϕ ≤ 2π) for each value of x. The origin of the polar coordinate system was always set
to be in the center of the monopolar spindle. (B) Definitions of the variables used in the cutting method: xm, xp
are the locations of minus/plus ends with respect to the center of the monopole, r is the radius of the cut, vd is
the depolymerization velocity, and y is the position of the depolymerization front with respect to the center of the
monopole. (C) Radial sum of differential intensities at different time points (from dark to light blue) of one cut at
a radius of 19 µm from the center. The area under each curve equals the mass of microtubules depolymerized per
time interval of 2 s. (D) The log-linear plot shows the normalized integrated areas of the Gaussian fits (as shown in
(C)) as a function of the distance that the wave travels away from the cut. Shown cuts were performed at different
locations (the lighter the color the further was the cut) from the monopole center. Dashed lines represent linear fits
to the log-linear data normalized such that the interception with the y-axis equals unity.
to analyze the minus end distributions after linear cuts in spindles as
described at the end of Section 3.2.2.
3 .2 .1 theoretical basis of the method
We quantify the total amount of microtubule depolymerization as a func-
tion of time t after the cut at a distance r from the center of the monopolar
spindle between two frames separated by δt by summing the total differ-
ential intensity (Figure 3.4 and Figure 3.5),
A˜(t, r) = nd(t, r)vdσf δt, (3.1)
where nd(t, r) is the total number of depolymerizing microtubules from
the cut at r, vd the depolymerization velocity and σf the fluorescence per
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unit length of microtubule. We define the total microtubule depolymer-
ization rate by A(t, r) = A˜(t, r)/δt. The integrated differential intensities
(integrated over ϕ and plotted with respect to the radial coordinate x)
have a very well defined peak that moves as a function of time (see Fig-
ure 3.5 and Figure 3.3), allowing to express the total microtubule depoly-
merization rate as a function of the position of the peak y(t) with respect
to the monopole center, A(y, r) (see Figure 3.5). As the front moves, the
total microtubule depolymerization rate decreases. The derivative with
respect to the position of the front is:
dA(y, r)
dy
= −dnd(y, r)
dy
vdσf = nc(y, r)vdσf . (3.2)
Where nc(y, r) is the number of minus ends per unit length at a distance
y from the center, from microtubules cut at a distance r. Therefore,
nc(y, r) =
1
vdσf
dA(y, r)
dy
(3.3)
The number of minus ends per unit length nc(y, r) is related to the num-
ber density of microtubules ρ(y, η), with minus ends at y and plus ends
at η (number per unit length squared), by:
nc(y, r) =
∫ ∞
r
ρ(y, η)dη (3.4)
The actual number of minus ends (number per unit length) at a position
r, n(r), which is proportional to the total microtubule nucleation at that
location in the absence of transport, is by definition
∫ ∞
r ρ(r, η)dη, where
we integrate for all possible lengths of microtubules with minus ends at
r. This quantity is related to the number of minus ends of microtubules
cut at r evaluated at the position of the cut, nc(r, r):
n(r) ≡
∫ ∞
r
ρ(r, η)dη = nc(r, r) (3.5)
To obtain the two-dimensional density of minus ends (or nucleation pro-
file) in the polar geometry of the monopole, we divide n(r) by 2πr. Fi-
nally, we can obtain the probability distribution P(y, ℓ) of microtubules
with minus ends at a position y and length ℓ as:
P(y, ℓ) =
ρ(y, ℓ+ y)∫ ∞
0 ρ(y, ℓ+ y)dℓ
. (3.6)
In the particular case of monopolar spindles, since microtubule transport
is inhibited P(y, ℓ) ≡ P(ℓ) and the microtubule length distribution does
not depend on the position of the minus ends. We verified this by ana-
lyzing the microtubule length distribution at different distances from the
center and found that, indeed, the distribution does not depend on the
position within the monopole (Figure 3.6).
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F igure 3 .6 Microtubule length distribution is independent of the position in mono-
pole. Microtubule length distribution measured from laser ablation experiments at three
different distances from the center of the monopole. The line fit shows that microtubule
lengths are exponentially distributed. mean ± SD
3 .2 .2 practical implementation
We analyzed the depolymerization waves using a custom-written Python
code (see Appendix B Table B.1 for used packages and modules). Briefly,
for a given cut at position r, we subtracted the intensities of images (raw
data) with a time difference δt of 2 s to 3 s to get the differential intensi-
ties I(x, ϕ, t; r), where x is the radial coordinate, ϕ is the angle, and t is
the time after the cut (see Figure 3.4 and Figure 3.5). I corresponds to
the quantity of microtubules that depolymerized during the time inter-
val δt. Next, we integrated the differential intensities over ϕ and plotted
these integrals with respect to the radial coordinate x. The depolymeriza-
tion wave appears as a peak that is traveling towards the center of the
monopole and broadening over time (see Figure 3.5 C). We fitted Gaus-
sians to these peaks and plotted the area under these Gaussians over time
A˜(t, r) (see Section 3.2.1 and Figure 3.5 D). We fitted an exponential to
the area decays over distance from the cut, and normalized the decays
by the amplitude at the location of the cut. The slope at the position of
the cut is proportional to the number of minus ends at this location (see
Section 3.2.1). To take the local microtubule density into account, we mul-
tiplied the normalized slopes at the position of the cut by the averaged
angular integral of the microtubule fluorescence intensity at this position.
This gives the amount of minus ends per unit length nc(y, r) at y given
a cut performed at r. To obtain the two-dimensional minus end density
(number per unit length squared), we divided by 2πr, which corresponds
to the nucleation profile (notice that the nucleation profile has arbitrary
units). Finally, to obtain the microtubule length distribution, we fitted an
exponential function to nc(y, r) as a function of the cut distance r. The
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slope of nc(y, r) at r is proportional to the number of microtubules with
minus ends at y and plus ends at r (see Section 3.2.1), which after nor-
malization gives the microtubule length distribution.
Laser cuts in bipolar spindles can be similarly analyzed: Instead of circu-
lar cuts, we performed linear cuts perpendicular to the long axis of the
spindle, which induced two depolymerization waves traveling towards
the poles (due to the mixed polarity of microtubules). The waves were
analyzed by integrating the differential intensities along the direction of
the cut and plotting these integrals as a function of spindle length. This
again led to the depolymerization waves appearing as peaks that are
traveling towards the poles and broadening over time. The subsequent
analysis is exactly the same as for monopolar spindles continuing by fit-
ting Gaussians to these peaks as described above.
3 .3 laser ablation captures non-trivial nucleation
profiles of simulated data
To verify and test our newly developed method for measuring nucleation
sites in dense microtubule structures, we used synthetic microscopy data
with a known nucleation profile.
Using the program Processing2, we simulated a rectangular array of 1000
- 20.000 parallel microtubules with all minus ends pointing in the same
direction (towards the virtual pole of the structure). The minus end loca-
tions were fixed to an arbitrary nucleation profile while the microtubule
lengths were randomly chosen from a given length distribution. Micro-
tubules did not move or change their length over time. After this initial-
ization, we introduced a virtual laser cut over the entire width of the ar-
ray with a Gaussian profile as cutting efficiency. All cut microtubules im-
mediately started to depolymerize with a constant velocity as observed
in our experiments (Figure 3.7). This cutting procedure was repeated at
different distances from the virtual pole of the structure for each nucle-
ation profile (after a new initialization). Performing the same analysis
as for our real microscopy data (described in Section 3.2.2) led to nucle-
ation profiles of the simulated data and agreed very well with the actual
chosen nucleation profile during the initialization of the microtubule ar-
rays. Our analysis could capture even difficult nucleation profiles like
step functions (Figure 3.8). This shows that our newly developed method
allows for accurate measurements of arbitrary microtubule nucleation
profiles.
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F igure 3 .7 Virtual laser cut in a simulated microtubule array. A simulated micro-
tubule array with a fixed nucleation profile, polarity, and length distribution wes cut at
120 px distance from the left with a Gaussian profile. Cut microtubules depolymerized
all the way to their minus ends with a constant velocity. Images are averaged from 5
simulations run with the same input parameters and N = 4.000 microtubules each.
3 .4 microtubule nucleation in monopoles is
spatially regulated
Having verified our experimental system and analysis tools, we went on
to measure the nucleation profile of our monopoles using our newly de-
veloped laser ablation technique. We measured the microtubule nucle-
ation profile (as the number of minus ends per unit length at r divided by
2πr) across the entire structure by performing laser cuts at different dis-
tances from the center of the monopoles. These measurements revealed
that microtubule nucleation extends throughout monopoles, with high-
est nucleation near the center and monotonically decreasing far from the
center (see Figure 3.9), indicating that the strength of microtubule nucle-
ation is spatially regulated.
32 microtubule-stimulated nucleation is the key mechanism
1 s
10 s
20 s
A
B
C
Artificial nucleation profile 1
Distance from center (px) Distance from center (px)
simulation input
analysis
simulation input
analysis
0 50 100 150 200
0 50 100 150 200
0 50 100 150 200
0 50 100 150 200
0 50 100 150 200
0 50 100 150 200
Nu
cle
at
ion
 p
ro
file
(a
.u
./le
ng
th
)
0.0
0.5
1.0
1.5
2.0
2.5
0.00
0.05
0.10
0.15
0.20
0
20
40
60
80
100
0
5
10
15
20
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0
50
100
150
200
250
300
350
Sl
op
es
 a
t p
os
itio
n 
of
 cu
t
~ 
M
inu
s e
nd
s (
a.
u.
)
M
icr
ot
ub
ule
 d
en
sit
y p
ro
file
(a
.u
./le
ng
th
)
Artificial nucleation profile 2
Figure 3 .8 New analysis method captures simulated nontrivial nucleation profiles.
(A) Fluorescence weighted shapes of two different simulated microtubule arrays with
all minus ends pointing towards the left (= center). The analysis is based on 20.000
microtubules (output images of 5 simulated arrays run with the same parameters and
4.000 microtubules each were averaged). (B) Absolute values of the measured negative
slopes at the position of each cut. This slope is proportional to the number of minus
ends at this position. (C) Resulting nucleation profile from the analysis (blue dots) and
comparison to the simulation input (red line).
3 .5 microtubule nucleation depends on the presence
and dynamics of microtubules
The measured nucleation profile of monopoles suggested that nucleation
is spatially regulated. Several mechanisms have been proposed to regu-
late microtubule nucleation: Chromatin-mediated nucleation, which ex-
tensively depends on the RanGTP gradient, kinetochore-driven nucle-
ation, nucleation mediated by the pericentriolar material of centrosomes,
and nucleation that depends on pre-existing microtubules, either by di-
rect nucleation (branching) or by concentrating other factors necessary
for further nucleation (see Section 1.3 for further details and references).
From a biophysical perspective, these mechanisms can be categorized
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F igure 3 .9 Microtubule nucleation is spatially regulated. Nucleation profile of
monopolar spindles measured by laser ablation (N = 117 cuts, mean ± SD). The inset
shows a log-linear plot of the data.
into two scenarios: (1) microtubule-dependent nucleation, in which a pre-
existing microtubule stimulates the nucleation of a new microtubule, or
(2) microtubule-independent nucleation, in which factors other than pre-
existing microtubules (e.g., diffusible cues in the cytoplasm) stimulate nu-
cleation (Carazo-Salas et al., 2001; Clausen and Ribbeck, 2007; Goshima
et al., 2008; Petry et al., 2013; Ishihara, Nguyen, Groen, et al., 2014; Petry,
2016; Prosser and Pelletier, 2017).
If microtubule nucleation depends on pre-existing microtubules, alter-
ing microtubule stability should change the nucleation profile—a micro-
tubule that exists for a longer time would have a higher probability to
stimulate the creation of more microtubules. To test this scenario, we in-
creased microtubule stability by inhibiting the depolymerizing kinesin
MCAK (Walczak et al., 1996) using antibodies. MCAK inhibition led to a
dramatic increase in monopole size (see Figure 3.10 A). Both the average
length and stability of microtubules increased threefold after inhibition
(Figure 3.10 B and C) as assessed by laser ablation ((8.0± 0.3)µm versus
(23.6± 3.6)µm, see Section 3.2 and Brugués et al. (2012) and Decker and
Brugués (2015)) and single microtubule lifetime imaging ((19.8± 2.2) s
versus (60.4± 4.4) s). These measurements are consistent with MCAK
modifying the catastrophe rate (Walczak et al., 1996; Tournebize et al.,
2000). We measured microtubule nucleation in this perturbed condition
and found that the nucleation profile extends farther from the center of
the monopole, has a larger amplitude, and decays over a larger distance
with respect to control monopoles (Figure 3.10 D). Therefore, the num-
ber and spatial distribution of nucleated microtubules does indeed scale
with microtubule stability in monopolar spindles, which is inconsistent
with microtubule-independent nucleation.
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Figure 3 .10 Microtubule nucleation depends on the stability of microtubules. (A)
Inhibition of MCAK leads to larger steady-state monopoles. Scale bar = 20 µm. (B) Mi-
crotubule length distributions measured from laser ablation and fitted to an exponential
(mean ± SD). (C) Normalized histograms of microtubule lifetimes of control (N = 5331
speckles, 5 structures) and MCAK-inhibited monopoles (N = 7289 speckles, 3 structures),
and corresponding first-passage time fits (see Section 7.4). (D) Nucleation profile of con-
trol (N = 117 cuts) and MCAK-inhibited monopoles (N = 74 cuts) (mean ± SD). The
inset shows both nucleation profiles multiplied by the circumference length at each ra-
dius, which corresponds to the total microtubule nucleation at that distance from the
center of the monopole.
Another possibility is that MCAK-inhibition could by itself increase nu-
cleation independently of microtubules, e.g., by stabilizing small micro-
tubule nucleation seeds. However, this would only lead to an overall in-
crease of the entire microtubule nucleation profile, which alone would
not be sufficient to account for the dramatic change in the spatial de-
pendence of nucleation. Thus, microtubule nucleation in these structures
depends on the presence and dynamics of microtubules.
3 .6 monopolar spindles grow by
microtubule-stimulated microtubule nucleation
in physical proximity of pre-existing
microtubules
Our measurements showed that altering the stability of microtubules
changes the nucleation profile, which means that pre-existing microtubules
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play a role in the subsequent nucleation of further microtubules. The pres-
ence and dynamics of microtubules could alter microtubule nucleation in
two ways: On the one hand, new microtubules could directly nucleate in
physical proximity to pre-existing ones (e.g., a branching process (Petry
et al., 2013)). On the other hand, pre-existing microtubules could tran-
siently interact with active nucleators or molecules further upstream of
nucleation and thereby create an environment where new microtubules
would nucleate as proposed by Oh et al. (2016). To test whether micro-
tubule nucleation happens in physical proximity to pre-existing micro-
tubules, we locally blocked microtubule polymerization by adding in-
ert obstacles near the center of monopoles, at locations where nucleation
should be expected according to our measurements (Figure 3.10 D and
Figure 3.11). These localized obstacles cannot prevent the diffusion of nu-
cleators, but would prevent microtubules that polymerize towards them
to extend further. Thus, newly nucleated microtubules of a growing mono-
pole would fill the space behind the obstacle either at the same time as
other locations at a similar distance from the center without obstacle or,
in the case of growth with physical contact to pre-existing microtubules,
at a later time point. Consistent with microtubule-stimulated nucleation
in physical contact, the presence of these obstacles completely inhibited
nucleation of new microtubules behind the obstacles, as in a shadow cast
by light. At the same time microtubules continuously nucleated further
around the obstacles, creating a sharp boundary (see Figure 3.11). Over
time these shadows slowly disappeared due to microtubules growing
from the boundaries of the shadow towards the inside. These results sug-
gest that monopolar spindles grow to a size larger than an individual
microtubule by microtubule-stimulated microtubule nucleation in physi-
cal proximity to pre-existing microtubules, which creates an autocatalytic
wave of microtubule growth.
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Figure 3 .11 Microtubule nucleation requires physical proximity to pre-existing
microtubules. Inert obstacles (fluorocarbon oil microdroplets or polystyrene beads) im-
mobilized to coverslips to selectively block microtubule nucleation. (A) Schematic out-
comes depending on whether new microtubules are nucleated in physical proximity to
pre-existing microtubules (top) or not (bottom). Microtubules would all polymerize to-
wards the right as our measurements showed that plus ends in monopoles are pointing
away from the center (Section 3.2). (B) Two time points of a microtubule structure with la-
beled tubulin (red) and EB1-GFP (green) growing around immobilized frog sperm. The
oil microdroplet is highlighted with a dashed ellipse. (C) Normalized line profiles of
shadow regions behind 6 different obstacles (colored dots). Profiles were rescaled to the
size of the obstacle. Gray lines show mean ± SD.
4L I M I T I N G A M O U N T O F N U C L E AT O R S S E T S
N U C L E AT I O N P R O F I L E A S W E L L A S S I Z E A N D
M A S S O F M I C R O T U B U L E S T R U C T U R E S
Our measurements in monopoles showed that microtubules them-selves can nucleate new microtubules in their physical proxim-ity, which is reminiscent of a branching reaction (Petry et al.,
2013). We know that during an in vitro branching reaction in extract in-
duced by adding TPX2 and constitutively active Ran (RanQ69L), micro-
tubules can easily create more than one branch per microtubule and am-
plify themselves in an autocatalytic way. Measurements of the temporal
evolution of microtubule mass in spindles also show an initial phase of
exponential growth (Figure 4.1 and Clausen and Ribbeck (2007) and Di-
narina et al. (2009)). This raises the question how microtubule structures
like spindles and monopoles (and even MCAK-inhibited monopoles) can
have a finite size although their main microtubule nucleation mechanism
functions in an autocatalytic way, which should lead to an exponential
increase of the microtubule number and unbounded growth. To have
a finite size through an autocatalytic process, each microtubule at the
periphery must create on average less than one microtubule at steady
state.
In this chapter, I will discuss how autocatalytic growth of microtubules
can be limited, ultimately leading to structures with a defined size. Parts
of this chapter have been published in Decker et al. (2017). The theory
describing how microtubule structures can reach a finite size although
components are not limiting (see Section 4.3.1) has been developed to-
gether with David Oriola.
4 .1 spatially independent active nucleators lead to
unbounded growth of monopoles
One possibility to limit the size of an autocatalytically growing structure
is that microtubule dynamics change as a result of limiting amounts of
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Figure 4 .1 Microtubule mass of a growing monopole. Integrated fluorescence inten-
sity of z-stacks of a microtubule structure labeled with 150 nM Atto565-tubulin growing
around frog sperm over time (left). The right side shows the average of 8 structures
(mean ± SD).
tubulin or microtubule-associated proteins (Good et al., 2013; Hazel et al.,
2013). However, since our cell-free system is not confined, availability of
tubulin and microtubule-associated proteins is not limiting. Furthermore,
inhibiting MCAK leads to microtubule growth with a polymerization
velocity that is indistinguishable from control monopoles
((20.9± 5.1)µm/ min and (18.8± 5.4)µm/ min, respectively as measured
by EB1), suggesting that the availability of tubulin appears not to be
diffusion-limited. Finally, microtubule dynamics do not change spatially
throughout MCAK-inhibited monopoles (Figure 4.2), indicating that spa-
tial variations of tubulin amount or microtubule dynamics cannot explain
the finite size of these structures.
Another possibility is that microtubule nucleation is limiting. It has been
shown that the assembly of spindles requires RanGTP. RanGTP is cre-
ated only in the vicinity of chromosomes (through the Ran nucleotide
exchange factor RCC1) which in turn releases spindle assembly factors
(SAFs) responsible for nucleating microtubules (see Section 1.3, Caudron
et al. (2005) and Kalab et al. (2006)). Since active SAFs are naturally lim-
ited by their spatially restricted generation, a limiting amount of an ac-
tive microtubule nucleation factor would therefore be a good candidate
as the limiting component for both autocatalytic growth and size regu-
lation. To test this idea, we added constitutively active Ran (RanQ69L)
as an upstream regulator of nucleation, to pre-existing monopolar spin-
dles. Reaching a finite size by a limiting pool of active nucleators im-
plies that activating nucleators everywhere in the cytoplasm would lead
to (i) unbounded microtubule growth in the monopole (similar to large
interphase asters in embryos (Wühr et al., 2010)), and (ii) new micro-
tubules should nucleate from the pre-existing microtubules of the struc-
ture. Adding RanQ69L to pre-existing monopoles immediately started
nucleation of new microtubules preferentially at the edge of the pre-
existing structures in a wave-like fashion, consistent with microtubule-
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r < 60 µm
r ≥ 60 µm
≥ 60 µm
< 60 µm
Polymerization velocity Depolymerization velocity Microtubule lifetime
19.8 ± 4.1 µm/min
18.5 ± 8.0 µm/min
Radius
44.0 ± 7.5 µm/min
50.2 ± 8.1 µm/min
58.6 ± 11.4 s
57.4 ± 5.1 s
F igure 4 .2 Microtubule dynamics in anti-MCAK monopoles are spatially invariant. Microtubule dynamics are
the same within the entire MCAK-inhibited monopolar spindle. We compared microtubule dynamics in the inner
(radius < 60 µm) and outer regions (radius ≥ 60 µm) of MCAK-inhibited monopolar spindles. Polymerization veloc-
ities were measured by analyzing the speed of EB1-GFP comets in each region (N = 14 for each region, in 3 different
structures from different reactions on the same extract day). Depolymerization velocities were calculated from laser
ablation experiments on many different days (N = 55 cuts for the inner region and N = 13 cuts for the outer region).
We used single tubulin speckle microscopy to measure the average lifetimes of microtubules (1455 speckles for the
inner region and 3418 speckles for the outer region in the same structure). All values are given as mean ± SD.
stimulated growth (Figure 4.3). This result further suggests that other
limiting components that regulate microtubule dynamics alone cannot
account for this growth. Taken together, these measurements show that
the amount of active nucleators, which is limited by the availability of
RanGTP, limits the size of monopolar spindles and is responsible for the
bounded growth of these structures.
4 .2 active nucleators are necessary for proper
monopole formation
After showing that constitutively active nucleators indeed lead to un-
bounded growth, we asked whether these nucleators are essential for
monopole formation. To test this, we used a constitutively inactive mu-
tant of RanGTP, RanT24N, which is essentially locked in a GDP bound
state and blocks the binding sites of the GTP exchange factor RCC1,
thereby preventing the formation of new RanGTP (Kornbluth et al., 1994;
Klebe et al., 1995). Adding RanT24N to monopole reactions resulted in ei-
ther no microtubules around the chromosomes or only a very few micro-
tubules emanating from small point-like sources, which were most likely
centrosomes (Figure 4.4). Cases without any microtubule were probably
due to the lack of centrosomes as they are free to move away in extract.
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Figure 4 .3 Constitutively active nucleators stimulate growth of pre-existing struc-
tures. (A) Addition of ∼ 10 µM RanQ69L to extract homogeneously activates nucleation
and creates mini asters after ∼ 20 min (Carazo-Salas et al., 2001). (B) and (C) Addition
of RanQ69L (∼ 10 µM) to monopoles leads to immediate growth of new microtubules
from the pre-existing monopoles. (B) Radial fluorescence intensity profiles at different
time points of the growing monopole shown in (C). The background of the profile at
0 min was subtracted from all profiles. The increase of the background over time shows
the random nucleation of mini asters in the surrounding cytoplasm. (C) Fluorescence
images of a monopole immediately after adding ∼ 10 µM RanQ69L and of the grown
structure 800 s later.
This result agrees with the current knowledge on microtubule nucleation
mechanisms where all of them depend either directly or indirectly on
RanGTP except for the centrosome-mediated microtubule nucleation (see
Section 1.3). Taken together, this shows that active nucleators are essen-
tial for autocatalytic microtubule-stimulated microtubule nucleation.
4 .3 limiting amount of nucleators sets the
nucleation profile as well as the size and mass
of monopoles
To test whether a limited pool of active nucleators can quantitatively ac-
count for the size and microtubule nucleation in these microtubule struc-
tures, we developed a biophysical model of autocatalytic microtubule nu-
cleation (see Figure 4.5 A). In our model, inactive nucleators are present
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20 µm 20 µm
F igure 4 .4 Inhibiting RanGTP production by the mutant RanT24N shuts down auto-
catalytic nucleation. Left: Control monopole labeled with 150 nM Atto565-tubulin. Right:
Same monopole reaction 30 min after adding ∼ 30 µM RanT24N. The dark spots around
the few microtubules are frog sperm chromatin.
throughout the cytoplasm and can be activated at the surface of chro-
mosomes, which is a simplification of the activation of SAFs by RanGTP.
The total amount of active nucleators depends on the balance between
the rate of activation at the chromosomes and the rate of inactivation
(accounting for sequestration, hydrolysis, or other processes). Once acti-
vated at the chromosomes, nucleators can diffuse in the cytoplasm, bind,
and unbind from microtubules. When bound to microtubules, active nu-
cleators can nucleate new microtubules at a certain rate, and the newly
nucleated microtubules maintain the same polarity as the mother micro-
tubule (Petry et al., 2013). This process leads to an autocatalytic wave
as a consequence of the self-replicating activity of an extended object
where, in contrast to a reaction diffusion process, front propagation is in-
dependent of microtubule diffusion and it only depends on microtubule
dynamics.
4 .3 .1 physical model for autocatalytic microtubule
nucleation
We consider a simplified model of autocatalytic microtubule nucleation.
We define the microtubule bound and unbound populations of active
nucleators (or active SAFs) as nb(x, t) and nu(x, t), respectively. When
unbound, active nucleators can diffuse with diffusion coefficient D and
become inactive with rate k0. Active nucleators can bind to microtubules
with rate kb and unbind with rate ku. A bound nucleator, can nucleate
a microtubule from a pre-existing microtubule with rate kbra. Since a
daughter microtubule nucleates at a certain distance from the minus end
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Figure 4 .5 Model for microtubule-stimulated nucleation. (A) Inactive nucleators (or-
ange circles) are activated around the DNA. As active nucleators diffuse (green circles),
they can bind and unbind microtubules (red lines). Once bound, they can nucleate a
new microtubule with a certain probability. Active nucleators become inactive at a con-
stant rate. (B) Radial microtubule density profiles measured from fluorescent images
(Nmonopoles = 40 (blue), Na−MCAK = 18 (gray)) and corresponding model fit to the MCAK-
inhibited and prediction to control monopoles. The ratio of the microtubule densities for
control and MCAK-inhibited monopoles was determined by using structures from the
same extract reaction. (C) Parameter-free rescaling of the microtubule density profiles:
ρC = ρMe(1/lM−1/lC)x, where ρC, lC and ρM, lM are the density and length of micro-
tubules for the control (blue) and MCAK-inhibited (gray) structures, respectively, and x
is the distance from the center of the structure. (D) Data and predictions (orange) for the
nucleation profiles of control (blue) and MCAK monopoles (gray) up to a global nucle-
ation amplitude, and flux-corrected regular spindles (green) (mean ± SD, Ncontrol = 117,
Na−MCAK = 74, Nspindle = 36 cuts).
of the mother microtubule, there exist a flux of microtubule mass that
will advance with velocity v. The velocity v can be obtained from the
following argument: assuming that a nucleator can bind anywhere along
a microtubule, it is more likely to bind closer to the minus end because
this part of the microtubule exists for a longer time (due to dynamic insta-
bility at the plus end). Given that microtubule lengths are exponentially
distributed (Figure 3.10 B) with an average length ℓ, the profile of active
nucleators bound to a microtubule is also exponentially distributed with
a length scale ℓ. Therefore, in average, active nucleators will bind at a dis-
tance ℓ from the minus end of the mother microtubule. Considering the
average microtubule turnover rate is Θ, the velocity will be v = ℓΘ. This
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velocity is different from the overall front velocity, which depends on the
branching rate kbra (Ishihara et al., 2016). In our case, at steady state, the
front velocity is zero while v ̸= 0. Finally, we denote the number density
of microtubule minus ends as ρ(x, t). Given the previous considerations,
the dynamics of the system read:
∂tnu = D∇2nu − kbℓbnuρ+ kunb − k0nu (4.1)
∂tnb = kbℓbnuρ− kunb (4.2)
∂tρ = −v · ∇ρ+ kbranb −Θρ (4.3)
where ℓb is a characteristic binding length scale for the active nucleators.
Next, we will consider a one-dimensional problem with the spatial coor-
dinate x being the radial coordinate from the center of the monopolar
spindle. A more involved two-dimensional description of the problem
is found to lead to similar results. In the case of unlimited components
like in frog egg extract, unbound nucleators are assumed to be activated
with constant rate Γ at the surface of chromatin in the center of the mono-
pole (x = 0) (see Figure 4.5 A). This leads to a boundary condition for
the flux of active nucleators at the chromosomes, which is expressed as
−D∂xnu|x=0 = Γ. At steady state, Eq. (4.2) leads to nb(x) = ℓ0nu(x)ρ(x),
where ℓ0 ≡ ℓbkb/ku. Using the last expression into Eq. (4.1) and the
boundary condition at x = 0, at steady state we obtain:
nu(x) = Ae−x/ℓu (4.4)
where A = Γ√Dk0 is the amplitude of the gradient, proportional to the rate
of activation Γ at the chromosomes, and ℓu ≡
√
D/k0 is the characteristic
length scale of the gradient of unbound active nucleators. Finally, by us-
ing Eq. (4.3) we find the steady state distribution of microtubule minus
ends:
ρ(x) = λ(x)e−x/ℓ (4.5)
where λ(x) = ρ(0) exp
[
α(1− e−x/ℓu)] is a lifetime-independent function,
ρ(0) is the density of minus ends at x = 0 and α ≡ Γℓ0kbravk0 is a dimension-
less parameter. Hence, we have two main length scales in the system:
ℓu, which is dictated by the gradient of unbound active nucleators and
does not depend on microtubule lifetime, and ℓ, which is the mean mi-
crotubule length. From our results, the inhibition of the motor protein
MCAK affects the lifetime Θ and length ℓ (see Figure 3.10 B and C), thus
not changing λ(x). Therefore, the model predicts that if the control mono-
pole profile is given by ρC(x) = λ(x)e−x/ℓC , the perturbed monopole pro-
file using anti-MCAK reads ρM(x) = λ(x)e−x/ℓM . Hence, the ratio of the
two profiles follows:
ρC(x)
ρM(x)
= exp
[
x
(
1
ℓM
− 1
ℓC
)]
. (4.6)
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In Figure 4.5 B, the anti-MCAK microtubule profile is fitted to Eq. (4.5)
with fitting parameters α and lu (notice that ρ(0) only rescales the arbi-
trary amplitude), while the parameter lM is measured from laser ablation
measurements in anti-MCAK monopoles. Conversely, the microtubule
density profile for control monopoles is predicted by using Eq. (4.6) with-
out the need of any fitting parameter, taking lC as the measured mean
microtubule length from control monopoles. Finally, the fits in Figure 4.5
D for the microtubule nucleation profiles were done using the expression
for nb(x). A summary of model parameters can be found in (Appendix A
Table A.2).
4 .3 .2 application of the model
In our model, the amount and dynamics of active nucleators should be
the same for both control and MCAK-inhibited monopoles, leading to the
prediction that the two microtubule density profiles would only differ in
a parameter controlling the microtubule length or lifetime. In particular,
both profiles should scale to each other without any fitting parameters
by changing the microtubule length as measured independently by laser
ablation. To test this prediction, we measured the radial profile of mi-
crotubule density of control and MCAK-inhibited monopoles (Figure 4.5
B). These density profiles were obtained as described in Section 3.2.2 by
measuring the average fluorescence intensity of labeled microtubules as
a function of the radius. To allow for a reliable comparison, the ratio
between profiles of MCAK-inhibited and control structures was deter-
mined by using structures from the same extract reaction. These micro-
tubule density profiles are qualitatively different—the density of MCAK-
inhibited monopoles increases initially and decreases after reaching a
maximum, whereas the control monopole decreases monotonically from
the origin. Remarkably, both profiles collapse into each other after the
parameter-free rescaling of the MCAK-inhibited monopole using equa-
tion (4.6) (Figure 4.5 C). To test the model beyond scaling, we fit the
MCAK- inhibited profile with the other two remaining parameters and
the arbitrary amplitude of the microtubule density profile, which agrees
quantitatively with the data (Figure 4.5 B). By fixing all parameters to the
values obtained by this fit and using the measured average microtubule
length (Appendix A Table A.2), the model predicts the control monopole
microtubule profile. Finally, we can also predict the MCAK-inhibited
and control microtubule nucleation profiles from the fitted parameters
up to an arbitrary amplitude (common for both profiles) (Figure 4.5 D).
Remarkably, this prediction is also consistent with flux-corrected micro-
tubule nucleation in regular spindles obtained by laser ablation (see Sec-
tion 3.2, Figure 4.5 D green circles), showing that the same nucleation
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mechanism holds for regular spindles. Thus, our model for autocatalytic
microtubule nucleation accounts for both the microtubule density and
nucleation profiles.

Part III
D iscussion

5S U M M A RY A N D D I S C U S S I O N
The results of this work show that microtubules in large Xenopuslaevis egg extract spindles are mainly nucleated by microtubule-stimulated nucleation and that the new microtubules grow in phys-
ical proximity to pre-existing ones. This is reminiscent of the observed in
vitro branching reaction in Xenopus laevis egg extract supplemented with
RanQ69L, TPX2, and a dynein inhibitor by Petry et al. (2013). Nucleat-
ing microtubules in this way has two advantages for spindle assembly
and maintenance. First, microtubule-stimulated nucleation is an autocat-
alytic reaction leading to an exponential increase in microtubule num-
bers. Second, it preserves polarity, which greatly facilitates spindle as-
sembly and maintenance where ordered and parallel microtubule arrays
are required.
We also showed that this autocatalytic microtubule nucleation is limited
by the availability of active nucleators, which is determined by the bal-
ance between the production at the chromosomes and spatially uniform
degradation. This ensures that there is always a certain amount of micro-
tubules per set of chromosomes and leads to a continuous nucleation
throughout the spindle—a prerequisite for spindle maintenance.
Components involved in microtubule branching (e.g., augmin) and in the
Ran pathway (e.g., RCC1) have been identified in many eukaryotic organ-
isms, mainly metazoans (Dasso, 2002; Hsia et al., 2014; Sánchez-Huertas
and Lüders, 2015). Thus, the mechanism of autocatalytic microtubule nu-
cleation that is spatially regulated by active nucleators could also apply to
other organisms, especially those with spindles consisting of more than
a few thousand microtubules. To test this, further experiments in other
species need to be done.
In the following sections of this chapter, I want to discuss a few aspects
of our results in more detail as well as the implications of our findings
for spindle size. Parts of this chapter have been published in Decker et al.
(2017).
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5 .1 microtubule dynamics and length distributions
in control and mcak-inhibited structures are
consistent with negligible microtubule rescues
One general assumption throughout this work is that microtubule res-
cues are negligible. The validity of this assumption is especially impor-
tant for the interpretation and comparison of control and MCAK-inhibited
nucleation profiles as well as for lifetime measurements. All our mea-
surements of microtubule polymerization and depolymerization veloc-
ities, length distributions, and lifetime distributions of the control and
MCAK-inhibited monopolar spindles allowed us to test whether micro-
tubule rescues could indeed be neglected. In the context of a two-state
model without rescues (see Section 1.2.2), the predicted average micro-
tubule length is:
ℓ =
2τvpvd
(vp + vd)
(5.1)
where vp and vd are the polymerization and depolymerization velocities,
τ is the average microtubule lifetime of single tubulin speckles, and ℓ
is the average length of a microtubule. Using the values from the mea-
surements of the microtubule dynamics for both the control and MCAK-
inhibited monopolar spindles, we obtain ℓC = (8.5± 1.7)µm and ℓM =
(26.9± 6.0)µm for the control and MCAK-inhibited respectively (the er-
rors were obtained using error propagation from the dynamic measure-
ments), which are both consistent with the measured average lengths us-
ing laser ablation (8.0± 0.3)µm (control) and (23.6± 3.6)µm (MCAK-
inhibited). Thus, the negligibility of microtubule rescues is a fair assump-
tion for our assays.
5 .2 starting the autocatalytic reaction
According to our results, microtubules are nucleated in an autocatalytic
way such that already existing microtubules nucleate new ones. However,
this type of nucleation requires at least one pre-existing microtubule at
the very beginning. These microtubules have to be nucleated by a dif-
ferent mechanism. One possibility would be that centrosomes provide
these initial microtubules. The experiments using the constitutively inac-
tive RanT24N in Section 4.2 Figure 4.4 showed how these initial micro-
tubules nucleated by centrosomes could look like. Together with an intact
Ran pathway these few microtubules could be rapidly amplified to create
a normally sized monopolar spindle.
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However, since we know that spindles in Xenopus laevis egg extract can
also be assembled without centrosomes and kinetochores (around RCC1-
coated beads), there must be at least one other way of nucleating these
microtubules. Perhaps the concentration of RanGTP close to the site of
its production at the chromosomes is high enough to trigger spontaneous
nucleation in the cytoplasm similar to the case when constitutively active
RanQ69L is added in high concentration to extract without pre-existing
microtubule structures (see Figure 4.3 A). These few initial microtubules
could then be organized by motors like dynein or Eg5 to form aster- or
spindle-like structures when the autocatalytic nucleation starts. Based
on our results, it is currently impossible to tell how the growth of micro-
tubule structures is initiated and further experiments will be necessary to
ultimately elucidate how these initial microtubules are nucleated, some
of which are described in Section 6.1.
Another interesting characteristic of monopoles is that the central start-
ing microtubules have to be constantly renewed, otherwise the branching
reaction would move the microtubule mass away from the center into re-
gions without active nucleators. Although we lack information on the cre-
ation of these initial microtubules, our normalized microtubule density
profiles showed that the central microtubule density, ρ(0), is the same
for control and MCAK-inhibited monopoles (Figure 4.5B). This hints to-
wards a common mechanism for the creation of initial microtubules.
5 .3 switching between bounded and unbounded
growth
An autocatalytic nucleation process implies that microtubule structures
are capable of richer dynamical behaviors than those arising from the
classic view of random nucleation in the cytoplasm via a diffusible gradi-
ent. Beyond producing finite-sized structures like spindles and ensuring
that new microtubules keep the same polarity as the pre-existing ones,
it also allows for a rapid switch into unbounded wave-like growth if nu-
cleators become active throughout the cytoplasm. Indeed, the growth of
large interphase asters has been hypothesized as a chemical wave upon
activation of Cyclin-dependent kinase 1 (Chang and Ferrell Jr, 2013; Ishi-
hara, Nguyen, Wühr, et al., 2014). These properties, characteristic of ex-
citable media, provide a unified view of the formation of spindles and
large interphase asters in embryos (Ishihara, Nguyen, Groen, et al., 2014)
within a common nucleation mechanism. However, microtubule nucle-
ation differs from regular autocatalytic processes in reaction-diffusion
systems such as Fisher-waves and Turing mechanisms (Fisher, 1937; Tur-
ing, 1952) in that its growth does not rely on diffusion or advection. In-
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stead, the process of branching displaces the center of mass of the struc-
ture. Thus, it emerges as consequence of the finite extension and dynam-
ics of the reactant (microtubules). The interplay between autocatalytic
growth and fluxes driven by motors could lead to general principles of
pattern formation and cytoskeletal organization in cells.
5 .4 tuning the spindle length
Our data and model are consistent with an autocatalytic mechanism in
which microtubule-stimulated microtubule nucleation controls spindle
growth. This process is spatially regulated by a gradient of active nucle-
ators that is established by the interplay between the Ran gradient and
microtubule dynamics. Microtubules regulate the nucleator activity be-
cause they act as the substrate where active nucleators need to bind to
nucleate microtubules. Chromatin acts as a trigger for an autocatalytic
wave of microtubule nucleation, and at the same time limits spindle size
by controlling the amount of active nucleators through RanGTP. This sug-
gests that the amount of active Ran can tune spindle length, and resolves
its controversial relation to spindle length regulation: while a diffusion
and inactivation process has a characteristic length scale independent of
the amplitude of the gradient—set by the ratio of the squared root of
the diffusion and inactivation rate—here we show that both the length
scale and amplitude of the gradient of nucleators are involved in regulat-
ing the size and mass of spindles. Since the length scale of the gradient is
amplified by microtubule-stimulated nucleation, the relevant length scale
for setting the size is the distance at which a microtubule generates one
or fewer microtubules. Our proposed mechanism therefore allows reg-
ulation of spindle size and mass by two means, although microtubule
nucleation is the principal control parameter, microtubule dynamics can
still fine tune the spindle length (Reber et al., 2013).
5 .5 a possible way for spindle scaling during
development
In this work we found that the upper size of spindles is determined by
the amount of available active nucleators around the chromosomes in the
case when all other components are not limiting, e.g., in very large cells
like the Xenopus laevis oocyte. The first cell divisions during the early
embryonic development usually happen without growth of the cell mass,
meaning that the cell volume halves with every division. It has been ob-
served that also the spindle size gets smaller and scales with the cell
volume as the cell size decreases (Wühr et al., 2008; Crowder et al., 2015).
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Previously, this spindle scaling effect has been attributed to the limiting
availability of tubulin, microtubule associated proteins (MAPs), or other
cytoplasmic factors (Brown et al., 2007; Good et al., 2013; Hazel et al.,
2013; Reber et al., 2013). Our results now open up a new possibility—as
cells get smaller, the availability of active nucleators and thereby micro-
tubule nucleation could decrease by the following mechanism: Active
nucleators are produced at a rate Γ at the chromosomes (production of
the upstream nucleation factor RanGTP by its guanine exchange factor
RCC1). As early embryonic cells are transcriptionally silent (e.g., Xenopus
laevis for the first twelve divisions (Newport and M. Kirschner, 1982)), the
overall concentration of inactive nucleators will be the same in each cell
independently of its size. This means that each cells starts with the same
production rate of active nucleators that will lead to microtubule nucle-
ation and spindle formation. In absolute numbers, small cells, however,
possess less inactive nucleators and as they use their nucleators to rapidly
assemble a spindle, they will deplete inactive nucleators from the cyto-
plasm more quickly than bigger cells (Figure 5.1). Since rates of chemical
reactions strongly depend on the availability of the substrate3, this deple-
tion of inactive nucleators will lead to a decrease of the activation rate
Γ and thus to less microtubule nucleation and a smaller spindle. Taken
together, our model could potentially also explain spindle scaling during
development. Experiments to test this new hypothesis are discussed in
Section 6.3.
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Figure 5 .1 Limiting nucleators could lead to spindle scaling during development.
Inactive nucleators are activated at the DNA at a rate Γ, which is equal for big and
small cells due to equal concentrations of inactive nucleators. With growing spindles
these inactive nucleators get depleted faster in small cells. This leads to a decrease of the
production rate of active nucleators and therefore to smaller spindles.
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R E M A I N I N G Q U E S T I O N S A B O U T
M I C R O T U B U L E N U C L E AT I O N
Spindles need to have to right size to function properly and faith-fully segregate the genetic material to the daughter cells. In thiswork, we showed that this can be achieved by autocatalytic mi-
crotubule nucleation that is limited by the amount of active nucleators
produced at the chromosomes. However, there are still some remaining
questions regarding nucleation and size of spindles that have been par-
tially discussed in Chapter 5. In this chapter, I will propose and discuss
further experiments that will help to clarify some of these open ques-
tions.
6 .1 where do the initial microtubules come from?
Our experiments showed that microtubule nucleation in Xenopus laevis
egg extract spindles is essentially autocatalytic. But as already discussed
in Section 5.2, this opens the questions how the initial microtubules that
start the microtubule-stimulated nucleation are nucleated.
One possibility could be nucleation by centrosomes. To test the role of
centrosomes, one could inhibit centrosomes using a small molecule drug
like MLN8237 (a specific inhibitor for Aurora A kinase (Lioutas and Ver-
nos, 2013)) and check whether monopoles can still form and be main-
tained. Because spindles in frog egg extract can be assembled around
chromatin beads without centrosomes and kinetochores, it is very likely
that centrosome inhibition does not impair monopoles.
Another possibility is that the high RanGTP concentration at the chro-
mosomes induces spontaneous microtubule nucleation. This could be
tested by using the constitutively active and inactive forms of Ran in par-
allel (RanQ69L and RanT24N, respectively). If RanT24N is added to a
monopole without a centrosome (or with an inhibited centrosome or to a
monopole assembled around chromatin beads), we already showed that
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no microtubules grow (see Figure 4.4). Subsequent addition of RanQ69L
should lead to one of the following scenarios: (1) No monopole grows
around the DNA and only mini Ran asters appear. This would suggest
that localized Ran-mediated nucleation at the DNA is necessary to form
a monopole. (2) A monopole forms around the DNA suggesting that an-
other nucleation mechanism independent of RanGTP creates initial mi-
crotubule seeds that are difficult to image by light microscopy, but are
sufficient to start the autocatalytic nucleation reaction localized around
the DNA once RanGTP/RanQ69L is present. Based on the results ob-
tained by Maresca et al. (2009) that chromatin beads supplemented with
RanQ69L and RanT24N do not form spindles but frog sperm chromo-
somes do, one would expect similar results here depending on the usage
of either chromatin beads or sperm. They attribute these observations
to the activity of the CPC pathway, which is thought to originate from
centromeric regions of the chromosomes.
To test whether the CPC pathway drives the nucleation of initial micro-
tubules, one could coat beads with many copies of the Xenopus laevis
specific centromere sequence (Edwards and Murray, 2005) instead of ran-
dom DNA or alternatively use CENP-A-chromatin-arrays on beads to
reconstitute functional centromeres and kinetochores in frog egg extract
(Guse et al., 2011; Guse et al., 2012). Comparing these kinetochore beads
with random chromatin beads in RanQ69L/T24N experiments will show
whether kinetochores and the CPC pathway are involved in providing
the initial microtubules to start and maintain the monopole formation.
To eliminate any other possibly so far unknown contribution of nucle-
ation by chromatin, we will discuss ways of using only RanGTP gradients
without DNA in Section 6.2.
6 .2 is the rangtp gradient sufficient to control
spindle assembly?
In this work, we showed that RanGTP, which is produced at the chromo-
somes by RCC1, is the main pathway for microtubule nucleation. How-
ever we do not know whether a RanGTP gradient alone is sufficient to
drive monopole and spindle assembly or whether there are other factors
that are required. One way to test this would be by creating an artificial
nucleation gradient independently of chromosomes.
The idea is to use a photo-switchable importazole (Figure 6.1), which has
been synthesized by the Nadler lab4 and is based on the cis-trans photoi-
somerization of an azo group (N=N) (Merino and Ribagorda, 2012). Im-
portazole is a small molecule drug that impairs the release of importin
β cargos (SAFs) by blocking the interaction of RanGTP and importin β
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F igure 6 .1 A photoswitchable importazole. Left: Commercially available importazole,
Right: Newly synthesized photoswitchable importazole and its trans and cis state.
5 personal communication
6 Thomas Quail, personal
communication
(Soderholm et al., 2011). Since the original importazole had to be slightly
modified to achieve a structural change upon UV-illumination, which has
been already verified by the Nadler lab5, we first have to test whether
the activity of at least either of the two states is comparable to the orig-
inal importazole and whether the other state is inactive. The effect of
importazole on spindles has been shown to be somewhat variable and
so we would first test its inhibitory activity on nuclear import in inter-
phase, which has been shown to lead to very clear results (Soderholm
et al., 2011). The role of RanGTP for nuclear import during interphase is
the following: Proteins that have a nuclear localization sequence (NLS)
are shuttled into the nucleus by an importin αβ complex. Inside the nu-
cleus, RanGTP binds to importin β leading to the release of importin α
and the protein containing the NLS (Figure 6.2). We also know that CSF-
arrested frog egg extract can be driven to interphase by adding Ca2+ and
forms functional frog sperm nuclei that are capable of performing selec-
tive nuclear import6. Thus, a protein that is too big for spontaneously
diffusing into the nucleus (e.g., a dimerizing GST-GFP-NLS) should not
get imported into frog egg extract nuclei if the drug is active (Figure 6.2),
similar to what has been shown using importazole in different cell lines
by Soderholm et al. (2011).
Once we know whether any of the two states is active and if yes, which
state of the photoswitchable importazole is active, we can use this drug
to create artificial chromatin-independent nucleation gradients. In meta-
phase, RanGTP created at the chromatin binds to importin β and thereby
frees the bound SAFs, which can then participate in microtubule nucle-
ation. Thus, impairing the interaction of RanGTP and importin β would
block the release of SAFs as well as RanGTP-mediated microtubule nucle-
ation (Figure 6.2). Artificial nucleation gradients can be formed by using
constitutively active RanQ69L in combination with a light patterned gra-
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Blocked by importazole
Figure 6 .2 Importazole blocks the interaction of RanGTP and importin β. Left: Dur-
ing interphase, the importin αβ complex binds to the NLS of proteins and shuttles them
into the nucleus. The interaction of RanGTP with importin β inside the nucleus releases
the cargo and importin α. This interaction is blocked by importazole. Right: The DNA of
the metaphase plate in the spindle produces RanGTP, which, unless blocked by impor-
tazole, interacts with importin β to release SAFs. These free SAFs lead to microtubule
nucleation.
dient of active and inactive importazole. This would help to elucidate
whether RanGTP-mediated nucleation gradients alone, including their
shape and amplitude, are sufficient to drive spindle and monopole for-
mation or whether other nucleation mechanisms are necessary as well.
Additionally, this approach can be used to investigate how spindle size
depends on the gradient of active nucleators.
6 .3 does our model explain scaling during
development?
According to our results in this work, spindle size is set by the gradi-
ent and amplitude of available active nucleators around the DNA and
specifically by the distance where microtubules create less than one new
microtubule during their lifetime. In Section 5.5 we suggested a possible
mechanism of how this process could also determine spindle size dur-
ing scaling based on faster depletion of available inactive nucleators in
smaller cells (see Figure 5.1). The following experiments could be used
to distinguish between previously proposed limiting components, e.g.,
tubulin or MAPs, and our nucleation based hypothesis: We know that
microtubule dynamics, especially the polymerization speed, change de-
pending on the availability of free tubulin and MAPs (Section 1.2). If
tubulin or MAPs would be limiting, one would expect that microtubule
dynamics change with spindle size, which has never been investigated
so far. As measuring microtubule dynamics in developing early embryos,
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where spindle scaling is most prominent, is quite challenging, one could
first test our hypothesis in Xenopus laevis egg extract spindles encapsu-
lated in oil droplets. It has been shown that spindles encapsulated in
droplets scale similar to the in vivo situation of embryonic stages 1 to 8
(Good et al., 2013; Hazel et al., 2013). To measure microtubule dynam-
ics, one would perform single molecule imaging with labeled tubulin
speckles and labeled EB1, as well as laser cuts to measure the depolymer-
izition velocity. A difference in these dynamic parameters depending on
the spindle size would support the idea of previous studies that tubu-
lin or MAPs are limited. Microtubule dynamics independent of spindle
size, however, would suggest that indeed our hypothesis of limited nucle-
ation based on the depletion of inactive nucleators could be valid. This
could be supplemented by measuring flux-corrected microtubule nucle-
ation profiles in differently sized spindles.
Preliminary tests showed that we can image tubulin speckles in encap-
sulated spindles, while the imaging quality of EB1 comets needs further
improvement to allow for a quantitative analysis. Some of the big chal-
lenges are that spindles encapsulated in oil droplets are free to move in
3D out of the image plane and that imaging is currently done through
layers of oil and water/extract with different refractive indices. Thus, we
are trying to improve the refractive index matching of all used compo-
nents. The microfluidic production of droplets is done in collaboration
with Stefan Golfier.

Part IV
Methods

7E X P E R I M E N T S
In this chapter, I describe all experimental methods used in this work
unless they have been already described in the main text (e.g., the laser
ablation method to measure microtubule nucleation). Parts of this chap-
ter have been published in Decker et al. (2017).
7 .1 cytoplasmic extract preparation, spindle
assembly and biochemical perturbations
CSF-arrested Xenopus laevis egg extract was prepared as described previ-
ously (Hannak and Heald, 2006). In brief, unfertilized oocytes were de-
jellied and crushed by centrifugation. After adding protease inhibitors
(LPC: Leupeptin, Pepstatin, Chymostatin) and Cytochalasin D (CyD) to
a final concentration of 10 µg/ml each to fresh extract, we cycled single
reactions to interphase by adding frog sperm (300 to 1000 sperm/µl final
concentration) and 0.4 mM Ca2+ solution, with a subsequent incubation
of 1.5 h. While fresh CSF extract containing LPC and CyD was kept on
ice, all incubation steps were performed at 18 ◦C to 20 ◦C. The reactions
were driven back into metaphase by adding 1.3 volumes of fresh CSF
extract (containing LPC and CyD). Spindles formed within 1 h of incu-
bation. To inhibit kinesin-5 (Eg5) in spindles, S-Trityl-L-Cystein (STLC)
was added to the reactions to a final concentration of 200 µM . Transi-
tions to monopolar spindles were observed within 30 min to 60 min of
incubation. To inhibit the depolymerizing kinesin MCAK in monopo-
lar spindles, we added anti-MCAK antibodies to a final concentration of
∼ 30 µg/ml (kind gift from R. Ohi). MCAK-inhibited structures reached
their steady-state after ∼ 20 min. Alternatively, we added RanQ69L (kind
gift from K. Ishihara) to pre-formed monopoles to a final concentration
of 10 or 30 µM and imaged immediately. In the control reactions, the
same concentrations were added to extract reactions in the absence of
pre-formed structures and imaged after ∼ 20 min incubation. The lower
the RanQ69L concentration the later Ran asters formed. Conversely, if a
pre-existing structure was present, microtubule nucleation immediately
started at the periphery with subsequent growth of the structure. The
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growth of pre-existing monopolar spindles stopped with the appearance
of Ran asters in bulk (after ∼ 20 min depending on the concentration of
RanQ69L), consistent with the sequestering of the additional nucleators
activated by RanQ69L. To completely inhibit the Ran pathway, we added
RanT24N (kind gift from K. Ishihara) to pre-formed monopoles to a final
concentration of ∼ 30 µM (according to Maresca et al. (2009)) and imaged
after∼ 20 min. Prior to imaging, Atto565 labeled purified porcine tubulin
(purified according to Castoldi and Popov (2003), ∼ 90 % labeled accord-
ing to the Mitchison lab protocol7) and Höchst 33 342 were added to the
reactions to a final concentration of 150 nM and ∼ 16 µg/ml, respectively,
to visualize microtubules and DNA.
7 .2 image acquisition
Control and anti-MCAK monopolar spindles were imaged using a Nikon
spinning disk microscope (Ti Eclipse), an EMCCD camera (Andor iXon
DU-888 or DU-897), a 60x 1.2 NA water immersion objective, and the
software AndorIQ for image acquisition. The room was kept at con-
stant 20 ◦C. Monopolar spindles after the addition of RanQ69L were im-
aged using a Nikon wide-field epifluorescence microscope (Ti Eclipse),
an sCMOS camera (Hamamatsu Orca Flash 4.0), and a 20x 0.75 NA ob-
jective. In this case, image acquisition was performed using µManager
(Edelstein et al., 2014). The growth of microtubule structures in the pres-
ence of obstacles was imaged using a Nikon total internal reflection fluo-
rescence (TIRF) microscope (Ti Eclipse), equipped with an Andor iXon3
DU-897 BV back-illuminated EMCCD camera, a 100x 1.49 NA oil immer-
sion objective, and the Nikon software NIS elements.
7 .3 laser cutting procedure and image analysis
The femtosecond laser ablation setup was composed of a mode-locked
Ti:Sapphire laser (Coherent Chameleon Vision II) oscillator coupled into
the back port of the Nikon spinning disk microscope and delivering 140 fs
pulses at a repetition rate of 80 MHz (Chapter 8). Cutting was performed
using a wavelength of 800 nm and typically a power of 150 mW before
the objective. The sample was mounted on a piezo stage that positioned
the sample in 3D with sub-micrometer precision. The laser cutting pro-
cess was automatically executed by a custom-written software8 that con-
trolled the mechanical shutter in the beam path and moved the piezo
stage to create the desired shape of the cut. Lines and circular cuts were
performed in several planes to cover a total depth of 1 µm to 2 µm around
the focal plane. We adapted the size and geometry of the cut shapes to
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each spindle or monopolar structure. Cutting was finished within 2 s. Im-
ages were acquired at least every 0.5 s during the cutting procedure as
well as for ∼ 1 min after the cut. The depolymerization wave typically
disappeared within 30 s. The analysis of the depolymerization wave is
described in Section 3.2.
7 .4 analysis of microtubule dynamics
The microtubule polymerization velocity was measured by adding EB1-
GFP to extract reactions to a final concentration of ∼ 0.2 µg/ml (= 4 nM)
and analyzing kymographs drawn along the growth direction of a mi-
crotubule9 (40 kymographs from 7 control monopoles obtained from dif-
ferent reactions on two different days, 68 kymographs from 5 MCAK
inhibited monopoles obtained from different reactions on the same day).
Microtubule depolymerization velocities were obtained by analyzing the
velocity of the fronts after the laser cuts. The maxima of the fitted Gaus-
sians (see Laser cutting procedure and image analysis) were used to de-
termine the position of the depolymerization front as a function of time,
which was fitted to a linear function. The slope corresponded to the de-
polymerization velocity of the cut microtubules, which was constant for
each laser cut. We measured microtubule lifetimes by adding Atto565
purified frog tubulin (purified according to Groen and Mitchison (2016),
∼ 7 % labeled) to a final concentration of ∼ 1 nM and subsequent track-
ing of the speckles using the MOSAIC suite (Sbalzarini and Koumout-
sakos, 2005) (5331 speckles from 5 monopoles from different reactions of
3 different days, 7289 speckles from 3 MCAK-inhibited monopoles from
different reactions of the same day). We included only those speckles that
appeared and disappeared during the length of the movie (∼ 10 min). To
calculate the average lifetime of microtubules, we used the lifetime distri-
bution P(t) of a diffusion and drift process to fit it to our data according
to P(t) ∼ t−3/2e−t/τ, where τ/4 is the expected lifetime of a microtubule
of average length (Bicout, 1997; Needleman et al., 2010). A summary of all
measured values for microtubule dynamics can be found in Appendix A
Table A.1.
7 .5 obstacle assay to block microtubule nucleation
Coverslips were cleaned by sonication in 2 % Hellmanex and used to
assemble parafilm channels of ∼ 3 mm width. Every step of the assay
was completed by an incubation at room temperature (10 min up to sev-
eral hours) and washing of the channel with BRB80 (80 mM PIPES, 1 mM
MgCl2, 1 mM EGTA). Channels were subsequently filled with anti-biotin
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antibodies, Puronic F-127 to block the remaining surface, biotinylated
Xenopus laevis sperm, biotinylated fluorocarbon oil microdroplets (pro-
duced as described in Lucio et al. (2015)) or biotinylated polystyrene
beads (5 µm to 10 µm diameter) acting as inert obstacles, and freshly pre-
pared extract including Atto565 labeled purified porcine tubulin (150 nM
final), EB1-GFP (∼ 0.2 µg/ml final), and sodium orthovanadate (0.5 mM
final concentration). Image acquisition was performed on a TIRF micro-
scope. To quantify the shadow behind obstacles, a line profile with a
width of 10 px was drawn directly behind the obstacle using FIJI (Schin-
delin et al., 2012). The profiles were normalized by the background flu-
orescence and rescaled to obtain equally sized obstacles. 6 profiles of 6
different reactions from 3 different days were averaged.
7 .6 measuring microtubule mass over time
To measure the microtubule mass over time, we added frog sperm to
extract and immediately started to acquire z-stacks around the DNA over
time. After subtracting the background, we integrated the fluorescence
intensity of the labeled microtubules over all z-planes and plotted it as a
function of time.
7 .7 passivation of coverslips with pll-g-peg
Passivation of coverslips with Poly-L-lysine-g-polyethylene glycol (PLL-
g-PEG) was performed according to Field et al. (2017). In brief, coverslips
were placed in a drop of 0.1 mg/ml PLL-g-PEG in 10 µM HEPES pH 7.4
on Parafilm for 20 min at room temperature. They were then washed
three times in distilled water and dried with a nitrogen jet.
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7 .8 comparing radial fluorescence intensity
profiles of control and mcak-inhibited
monopoles
Averaged microtubule density profiles were obtained as described in
Section 3.2.2 from 82 and 12 fluorescence profiles of monopoles and
MCAK-inhibited monopoles, respectively. Briefly, for each profile the flu-
orescence intensity was radially summed as a function of distance from
the center and divided by 2πr. Radial profiles were obtained using the
FIJI-plugin Radial Profile Angle10. Angular fluorescence profiles of con-
trol and MCAK-inhibited structures from the same extract reaction were
used to determine the ratio between these two density profiles and en-
able a reliable comparison.

11 Coherent Chameleon
Vision II
8L A S E R A B L AT I O N S E T U P
In this chapter, I will briefly describe the components of the latest version
of the laser ablation setup and how I built it. The overall procedure and
most components are based on Steinmeyer et al. (2010).
8 .1 components of the laser ablation setup
Figure 8.1 provides a schematic overview of the laser ablation setup and
its components. We are using a stationary laser that is coupled into the
back port of our spinning disk microscope. To perform cuts, we move
the sample by moving a piezo stage mounted into the traditional motor-
ized stage of the microscope. This ensures that the laser beam is always
focused in the sample plane.
The first component is the laser. We are using a mode-locked Ti:Sapphire
laser11 with a repetition rate of 80 MHz set to a wavelength of 800 nm. The
output power at this wavelength is ∼ 3.5 W. To adjust the power before
entering the microscope, we use a half-wave plate in combination with
a Glan-Thompson (GT) polarizer. While the GT polarizer is stationary
and only lets light with a certain polarization pass, the half-wave plate
is mounted in a rotational housing such that the polarization of the in-
coming laser beam (horizontally polarized) can be changed as needed to
pass/be blocked by the GT polarizer. This leads to a significantly reduced
laser power after the GT polarizer. To cut spindles in Xenopus laevis egg
extract, we usually use ∼ 150 mW, measured after the mechanical shutter.
The mechanical shutter is coupled to the TTL output of our piezo stage
and ensures that the laser beam only reaches the sample when the stage
is at the desired cutting position. The next components are two lenses
forming a telescope to widen the beam diameter. The first lens has a fo-
cal length of 40 mm, the second 200 mm, resulting in a magnification of
M = f2/ f1 = 5. Thus, the laser beam diameter of 1.2 mm is increased to
6 mm. After the telescope, we use a periscope consisting of two mirrors
to adjust the beam height to the height of the back port of the micro-
scope. These mirrors are also used to align the laser beam to the center
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Figure 8 .1 Laser ablation setup. (A) Schematic picture showing all optical compo-
nents. The combination of half-wave plate and Glan-Thompson polarizer allows for ad-
justing the laser power that reaches the sample. The mechanical shutter ensures that the
laser beam only hits the sample when the stage reached the desired cutting position. The
telescope, consisting of two lenses, increases the beam diameter from 1.2 mm to 6 mm.
The periscope adjusts the height of the beam to the height of the back port of the mi-
croscope and is used for centering the beam into the objective. (B) Photo of the current
version of the setup.
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of the objective. A 670 nm short pass filter (and long pass mirror) inside
the lower filter wheel in the microscope reflects the cutting laser beam
upward into the imaging objective. This allows for parallel cutting and
imaging of fluorophores with emission maxima below 670 nm. Starting
from far red dyes (e.g., Alexa 647) imaging is notably impaired.
All components except for the half-wave plate, the mechanical shutter,
and the periscope were mounted on a rail system, which greatly facili-
tated the alignment. To match the height of the optical components on the
rails with the height of the laser, posts were mounted below the rails.
The actual cutting procedure is controlled by a custom-written program
(C++)12, which works independently of the imaging software. The graph-
ical user interphase offers several tools for cutting different geometrical
shapes, free hand drawings, pulses, and adjustments for shutter delay
times etc. Based on the selected shape and its 3D dimensions, the coordi-
nates of the laser cutting path are calculated and send to the piezo stage.
When the stage starts moving, it sends a TTL signal to the mechanical
shutter, which will stay open as long as the stage moves on the calcu-
lated path. The sample can be imaged during the entire procedure.
8 .2 building the laser ablation setup
The laser ablation setup was built mainly following the descriptions in
Steinmeyer et al. (2010). For building and alignment, the laser can be
switched into alignment mode, which decreases the output power to ∼
50 mW and changes the wavelength to 700 nm. The general alignment
procedure always involved using the mirrors before an element and plac-
ing a first iris directly behind the second mirror and the inserted element
and the second iris as far away in the beam path as possible. The first
mirror is used to position the beam on the first iris, while the second
one is used to adjust the angle of the beam until in hits the center of the
second iris. Adjusting both mirrors is an iterative process until the beam
goes through the center of both irises. Aligning the laser beam with the
mirrors through these irises ensures that the beam is exactly parallel to
the optical table and centered through the optical components.
First, all mirrors were placed such that the laser beam was directed into
the microscope, where the objective was replaced by an IR alignment
disk with a hole drilled into the middle. This allows for an easy cen-
tering of the beam. Next, the half-wave plate, the GT polarizer, and the
mechanical shutter were inserted while making sure that the laser beam
passes through the center of each element. The mirrors before each el-
ement were used to adjust the laser beam path. We tilted the half-wave
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plate and the mechanical shutter a bit to avoid that the back-reflection en-
ters the laser head again because this would lead to interference with the
laser pumping. Reflected beams were blocked by beam blocks. Then, the
laser beam was centered again on the alignment target in the objective
revolver using the two mirrors of the periscope. To test whether the laser
beam went vertically through the target, we placed a cover slide on the
stage. This slide reflected the incoming laser beam back onto the IR align-
ment disk. If the laser beam goes through the center in a tilted way, the
back-reflection from the slide appears as a second spot on the target next
to the drilled hole. Using the two mirrors of the periscope, we adjusted
the laser beam to go vertically through the sample plane. Movement of
the lower periscope mirror adjusts the beam position, movement of the
upper mirror the angle. This is an iterative process that is repeated again
after inserting first one and then the second lens of the telescope. In the
final step the laser is switched back to 800 nm and full power, which is
reduced by turning the half-wave plate to ∼ 150 mW. The power meter
for measuring the laser power is placed behind the mechanical shutter.
With the help of an IR viewer and IR detection cards, the alignment can
be controlled anytime in between. Test cuts can be made in parafilm. To
optimize the cutting for different samples, the laser power as well as the
cutting speed (= velocity of the stage) have to be tuned.
Part V
Appendix

AM E A S U R E D VA L U E S A N D M O D E L PA R A M E T E R S
A.1 measured microtubule dynamics
All measured parameters for microtubule dynamics are shown in Ta-
ble A.1. Microtubule lifetimes were obtained by single molecule fluores-
cence speckle microscopy, polymerization speed by analyzing EB1 comets,
and depolymerization speeds by laser cuts.
Table A.1 Measured microtubule dynamics. Values measured in monopoles, MCAK-inhibited structures,
and spindles. *The average microtubule lifetime of spindles is taken from Needleman et al. (2010)
Microtubule dynamics Monopole MCAK-inhibited monopole Spindle
Lifetime (s) 20± 2 60± 4 16± 2 *
Polymerization speed (µm/min) 21± 5 19± 5 23± 8
Depolymerization speed (µm/min) 33± 6 46± 8 36± 7
A.2 model parameters
The Table A.2 shows all parameters used in the model as well as all
parameters obtained from the fits.
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Table B.1 lists Python packages and modules used for the laser cutting
analysis code. All coding in this thesis was done using Python 3.3.5.
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